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Outlook of this Thesis
Chapter 1
Outline of this Thesis
In Nature, molecular self-assembly is very important. This self-assembly behavior can be 
seen in cells, for example, where the formation of double helical DNA is a result of hydrogen 
bonding of the individual strands. Another example of self-assembly in Nature is the folding and 
assembly of proteins to form tertiary and quaternary structures. As an example, in Figure 1.1 an 
important molecular assembly designed by Nature, namely the eukaryotic cell with the electron 
transport chain located in the mitochondria, is shown. The mitochondria are bilayer structures 
where in the inner membrane different enzymes are situated. These enzymes take care of the 
energy household of the cell.1
In mitochondria, an electron transport chain couples a chemical reaction between an 
electron donor (such as NADH) and an electron acceptor (such as O2) to the transport of H+ 
ions across a membrane, via a set of biochemical reactions (Figure 1.1). This proton transport is 
used to produce adenosine triphosphate (ATP), the main energy component of the cell.
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Figure 1.1: The electron transport chain in the mitochondria of an eukaryotic cell. The NADH and succinate 
generated in the citric acid cycle are oxidized, providing energy to power ATP synthase, which produces 
ATP from ADP and phosphate. In the membrane different enzymes are situated. I = NADH dehydrogenase, 
II = succinate dehydrogenase, III = cytochrome bc1 complex, IV = cytochrome c oxidase, q = ubiquinone 
and cytc = cytochrome c.
This example nicely demonstrates how important supramolecular assemblies are for the 
processes of life. The organization of enzymes using surfactant assemblies in such a way that 
cascade reactions are possible as is shown in Figure 1.1 is a source of inspiration for the work 
described in this thesis. Our goal is to design and construct amphiphiles by coupling different 
polymers to proteins. The resulting so-called giant amphiphiles are expected to form self 
assembled structures comparable to the cell membranes generated by phospholipids. By 
varying the type of polymer and the protein a variety of (novel) self assembled architectures is 
accessible, at least in principle. A second goal is to bring different enzymes together in the 
assemblies, and to perform cascade reactions in a similar way as observed in Nature.
In Chapter 2 of this thesis an overview of the studies on amphiphilic compounds carried 
out by different research groups is presented. It starts with the simple classical amphiphiles, 
such as phospholipids, and ends with complex amphiphiles containing an enzyme as a polar 
head group, the so-called giant amphiphiles. In Chapter 3 a new synthetic approach towards 
amphiphilic biohybrids is presented. A peptide sequence, derived from the malaria parasite, is 
used as a polar head group and coupled to a synthetic polymer as hydrophobic tail. Chapter 4 
focuses on large biohybrid amphiphiles, the so-called giant amphiphiles, which are prepared by 
cofactor reconstitution following a procedure previously described by Boerakker from our 
group.2, 3 Furthermore, the first steps towards cascade reactions using assemblies of these giant 
amphiphiles will be described.
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Chapters 5 and 6  deal with the construction of biohybrid triblock copolymers, which are 
also prepared by the cofactor reconstitution method. Chapter 5 reports on the synthetic route 
towards these biohybrid macromolecules, while Chapter 6  discusses the self assembly behavior 
of these novel compounds.
The subject of the last Chapter (7) is the self assembly behavior of triblock copolymers 
on a surface. In this chapter we show that enzymes can be ordered efficiently not only in 
solution but also on a polymeric surface, by employing the incompatibility of the constituting 
blocks of a diblock copolymer. The thesis ends with summaries in Dutch and English.
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Chapter 2
Synthesis of Polymer-Biohybrids: From Small to Giant 
Surfactants
2.1 Introduction
Amphiphiles or surfactants, more popularly named soaps, are among the oldest known 
chemical compounds used by man. The Babylonians were already familiar with soap-like 
substances, as can be concluded from a written text on a clay tablet dated 2200 BC. According 
to the Ebers papyrus (1550 BC) the ancient Egyptians bathed regularly in a mixture of animal 
oils, vegetable extracts, and alkaline salts and a soap factory with bars of scented soap was 
found in the ruins of Pompei (79 AD). In modern times, the use of soap has become universal 
and we now understand reasonably well what happens when soap molecules are dispersed in 
aqueous solution and how the cleaning properties of soap become about. The latter are related 
to the surface active behavior of soap molecules, which is a result of their amphiphilic, also 
called amphiphatic character. Although the cleaning aspect is still an important issue, scientists 
are increasingly focusing on other properties of soaps, e.g. their self-assembling behavior and 
how this can be used in the design and non-covalent synthesis of new (macro)molecular 
architectures that can than be employed in e.g. nanotechnology and drug delivery.
As an introduction of this thesis, this chapter will focus on three different classes of 
amphiphiles (Figure 2.1), the first being the low molecular weight amphiphiles also called 
classical amphiphiles. A short overview will be given on the research carried out on the self­
assembly behavior and properties of these compounds. Next, a brief overview about the 
research carried out on super amphiphiles, macromolecules consisting of two polymeric blocks, 
and in particular biohybrid super amphiphiles will be presented. Finally, and this will be the main 
part of this chapter, an overview of a relatively new class of amphiphiles, the so called giant 
amphiphiles, macromolecules with an enzyme or protein as the polar headgroup and a polymer 
tail, will be given.
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Figure 2.1: Schematic representation of three different classes of amphiphiles, namely giant amphiphiles
(left), super amphiphiles (middle), and classic amphiphiles (right).
2.2 Classic Surfactants
Classic surfactants or amphiphiles are compounds that consist of both a hydrophobic 
(usually a long hydrocarbon chain) and a hydrophilic (ionic or polar) group. Examples of classic 
amphiphiles are sodium oleate, hexadecyl- (or cetyl-)trimethylammonium bromide (CTAB) and 
sodium dodecyl sulfate (SDS). Extensive studies have revealed that these compounds self- 
assemble in aqueous solutions forming aggregates like rod- and sphere-like micelles, vesicles 
and multilayer structures with very interesting properties.1, 2 According to the theory of 
Isrealachvilli3 the type of the formed aggregate is related to the shape of the amphiphilic 
molecule. Most experimental results for phospholipids agree reasonably well with this model, 
although deviations have been observed for surfactants that contain rigid segments, e.g. 
diphenylazomethine moieties or multiple hydrogen bonding units like urea and acylurea.4 One of 
the disadvantages of these assemblies is that they lack long term stability which is needed 
when one intends to use them for certain applications, such as drug delivery.5 In 1982 Regen 
and Ringsdorf reported a solution to this problem, i.e. polymerizing the core or the corona of the 
vesicle.6, 7 To this end, the amphiphiles were provided with polymerizable groups such as 
diacetylene, butadiene, or vinyl moieties, and after polymerization the resulting assemblies were 
found to be stable over a long period of time. 8  9  10, 11, 12, 13, 14
8
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Inspired by this work, Roks et al. synthesized a double chain quaternary ammonium 
surfactant and provided one of the surfactant tails with a polymerizable isocyanoamino acid 
residue. 15 This surfactant formed well defined vesicles, which could be polymerized with a small 
amount of nickel capronate, yielding structures that were extremely stable and that kept their 
form even in organic solvents. Interestingly, electron microscopy studies using the so-called 
freeze fracture technique provided direct visible proof that polymerized aggregates had been 
obtained: instead of the usual convex and concave half balls, circles were now visible, which 
was the result of the fact that during the applied technique the polymerized aggregates were 
cross-fractured instead of cleaved along the middle of the bilayer, as is normally the case 
(Figure 2.2).
Figure 2.2: Quaternary ammonium surfactant containing a polymerizable isocyano-alanine function (left).
Vesicles (middle) and polymerized vesicles (right) formed by this surfactant after dispersion in water.
In subsequent studies the aggregates of the polymerized and unpolymerized amino acid 
amphiphiles were used as stable, synthetic mimics of cells. It was possible to incorporate 
synthetic ion channels in the bilayers of the vesicles and to perform ion transport studies.16 Van 
Esch et al. used the polymerized isocyanosurfactant vesicles as nanoreactors, i.e. small nano­
sized reaction vessels. They succeeded in incorporating colloidal platinum particles and an 
electron carrier (methylene blue) in the inner aqueous compartments of the vesicles and an 
amphiphilic manganese porphyrin in their bilayers. By bubbling molecular hydrogen and 
molecular oxygen through the solution of the modified vesicles they were able to convert 
alkenes into their oxidized products, e.g. styrene into styrene oxide, mimicking in this way the 
action of the membrane-bound enzyme Cytochrome P-450.17 Later Schenning et al. further 
improved this catalytic system (Figure 2.3) . 18 Since the 1:1 combination of molecular hydrogen 
and oxygen is dangerous and also gives rise to a side reaction (formation of water) the colloidal 
platinum was replaced by a rhodium complex, which in the presence of formate ions delivers the 
electrons that are required for the activation of molecular oxygen and the subsequent oxidation 
reaction. This modified self-assembled catalytic system behaved beautifully and under precisely
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set conditions even displayed oscillating behavior, making it the first supramolecular oscillating 
system to date. 19 Its catalytic activity turned out to be relatively low (ca. 100-400 turnovers per 
hour), but of the same order of magnitude as the natural Cytochrome P-450 (60 turnovers per 
hour).
Figure 2.3: Nanoreactor composed of vesicles, which contain in their bilayers a manganese porphyrin and a 
rhodium(III)-bipyridyl-cyclopentadiene complex (top panel). In the presence of formate ions and molecular 
oxygen a catalytic reaction takes place, in which the manganese(III) centers are reduced by electrons from 
the rhodium complex and subsequently reoxidized by molecular oxygen in an oscillating fashion. When 
substrate is added (e.g. a-pinene) the substrate is catalytically oxidized with a rate of 360 turnovers per hour 
(lower panel).
The use of polymerizable vesicles has opened a whole new research area with 
applications in the fields of biotechnology and nanotechnology. However, in the mean time a 
new way of stabilizing the aggregates was explored, viz. by using amphiphilic block copolymers.
2.3 Super Amphiphiles
Block copolymer amphiphiles, also called super surfactants or super amphiphiles are 
polymers consisting of a hydrophobic and a hydrophilic block. Similar to their low molecular 
weight counterparts they form various aggregates in aqueous solution, such as micelles and 
vesicles. Although there are structural similarities between the assemblies formed by super and 
classic amphiphiles, there are also some major differences. The critical micellar concentration 
(CMC) of the super amphiphiles, for example, is usually much lower. The assemblies formed by
10
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the macromolecules are more stable and the exchange dynamics are substantially slower when 
compared to classical amphiphiles. This is a result of a number of factors, such as the higher 
molecular weight of the compounds, the presence of chain entanglements, and the decreased 
mobility of the polymer chains in the core of the micelle.20 The most studied class of amphiphilic 
diblock copolymers consists of macromolecules having two flexible segments, i.e. the coil-coil 
block copolymers. The formation of micelles by such macromolecules was first reported by 
Halperin and coworkers21 and later extensively studied by Zhang and Eisenberg using different 
polystyrene-b-poly(acrylic acid) (PS-b-PAA) copolymers.22, 23 Depending on factors such as the 
hydrophilic / hydrophobic ratio, the molecular weight, the presence of homopolymers, the 
solvent composition etc. a large variety of aggregate morphologies was observed (see Figure 
2.4).
(a) (b)
Figure 2.4: Different aggregates of PS200-b-PAAn where n is varied. With decreasing n the morphology of
the formed assemblies changed from (a) micelles, to (b): micellar rods, to (c) vesicles and finally to (d)
reversed micelles coexisting with micrometer sized spheres with hydrophilic surfaces and filled with reversed
22micelles, also called large compound micelles.
It was found that with a decreasing degree of polymerization of the corona-forming PAA 
block the aggregate morphology changed from spherical micelles, to cylindrical micelles, to 
vesicles and eventually to large spherical objects (Figure 2.4). It was postulated that the latter 
large spheres were built from clustered reversed micelles (i.e. having a hydrophobic corona) 
with an overall hydrophilic surface, referred to as large compound micelles (LCMs). The trends 
observed for these macromolecules are analogous to the aggregation of traditional low 
molecular weight surfactants.24, 25 Later, Eisenberg et al. observed the same trend in self­
assembly behavior for a different block copolymer, i.e. polystyrene-b-poly(ethylene oxide) (PS- 
b-PEO) . 26 An excellent overview of the effects on aggregate morphology of the solution 
conditions using these so-called coil-coil block copolymers has been given by Choucair and 
Eisenberg.27
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In line with the Isrealachvilli rules, Meijer et al. have studied the self assembling 
properties of block copolymers containing a hydrophobic polystyrene block and a hydrophilic 
dendritic segment of varying size. With increasing generation of the dendritic part the aggregate 
structures changed from micelles, via micellar rods to vesicles.28
Next to the classical self-assembled structures also trapped near equilibrium and 
metastable morphologies, which is a result of the low mobility of the polymer chains in the 
aggregates, have been observed for super amphiphiles.29 Some of these assemblies cannot be 
obtained for the classical amphiphiles because of the high mobility of the chains of the latter. 
Trapping of these structures gives detailed insight into the mechanism of these transitions.30 
Examples of non-equilibrium morphologies are shown in Figure 2.5.
Figure 2.5: Non-equilibrium trapped vesicular morphologies of PSn-b-PAAm with (a) hollow concentric 
vesicles, (b) “onion”-type vesicles, (c) tube-walled vesicles, (d) large compound vesicles, (e) schematic 
drawing of a cross-section of a large compound vesicle and (f) entrapped vesicles.
Because of their larger molecular weight, amphiphilic block copolymers can also exhibit 
micro-emulsion character without the need of an oil as is the case for low molecular weight 
amphiphiles. A nice example has been reported by Jain and Bates, who showed that by varying 
the weight fraction and length of a poly(ethylene dioxide)-b-polybutadiene (PEO-b-PB) block 
copolymer in dilute solution, networks and Y-junctions could be obtained.31 These findings offer 
new opportunities for designing soft materials with properties that cannot be easily obtained with 
low molecular weight amphiphiles.
Along this line are also the studies by the groups of Wooley and Pochan on amphiphilic 
triblock copolymers of the type poly(acrylic acid-b-methyl acrylate-b-styrene) (PAA99-b-PMA73- 
b-PS6 6 ). When dispersed in a mixture of water/THF and 2,2’-(ethylenedioxy)diethylamine 
(EDEA), toroids are formed (Figure 2.6 ) . 32 The presence of all four components is critical 
otherwise the toroidal structures, although they are very stable, are not observed. In a recent 
paper the authors demonstrate that this type of triblock copolymer in combination with EDEA
12
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can also generate cylindrical micelles that undergo local, intra-micellar phase separation. These 
three-dimensional nanostructures are kinetically trapped, but stable architectures because they 
are unable to thermodynamically equilibrate.33
Figure 2.6: (a): Toroidal structures formed by PAA96-b-PMA73-b-PS66, (b): schematic representation of the 
aggregates.32
2.4 Biohybrid Block Copolymers
Because of their interesting self-assembly behavior and the fact that assemblies of super 
amphiphiles are more stable than their low molecular weight counterparts, amphiphilic block 
copolymers have attracted much interest. Introducing peptides and proteins is an obvious 
choice for the design of novel biomaterials, because the resulting assemblies will possess the 
properties of the biological materials, i.e. high degree of organization, as well as the properties 
of the synthetic polymer, i.e. stability, but not some of their limitations. Furthermore, they have 
the potential to be applied in medicine and biotechnology. The biohybrid parts of these 
amphiphiles contain all the necessary information in the form of chirality, hydrogen bonding 
capacity, steric demands, electrostatic properties, hydrophilic and hydrophobic character, or 
metal ion binding capability and this will give rise to the formation of a high degree of 
organization. The disadvantage of using only biomacromolecules is that they may loose their 
function within days or weeks, e.g. because of thermal or enzymatic degradation or 
precipitation. Synthetic polymers are very stable but they are heterogeneous in nature because 
of their relatively high polydispersity, making that control over structure formation at the 
nanometer level is relatively poor compared to biological macromolecules. Combination of both 
blocks may result in stable assemblies with a high degree of organization.
Following up on work by Gallot and coworkers,34, 35, 36, 37, 38 the amine initiated ring 
opening polymerization of a-amino acid-N-carboxy anhydrides was used by Klok and coworkers 
to prepare polybutadiene-b-poly(L-glutamatic acid) copolymers, which were found to form 
vesicular aggregates in water.39 The vesicle morphology, however, is independent of the 
polypeptide chain conformation as was shown in an independent study by Kukula et al.40
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Assemblies of amphiphilic block copolymers can be further stabilized by cross-linking the 
unsaturated bonds present in the hydrophobic domains.41 Also the corona of the aggregates 
can be stabilized since the side groups of the hydrophilic blocks usually contain amine or 
carboxylic acid groups which easily react with other functional groups. Wooley et al.42 prepared 
biohybrid block copolymers containing e.g. poly(glutamic acid) segments. Micellar aggregates of 
these amphiphiles were cross-linked with 2 ,2 ’(ethylenedioxy)diethylamine.
Besides the N-carboxy anhydride polymerization, biohybrid super amphiphiles can also 
be prepared by solution phase synthesis. Using this method Sogah et al.43 prepared block 
copolymers that contain repetitive amino acid sequences, which form crystalline and amorphous 
domains with overall silk-fiber like architectures. Either poly(Ala) or the tetrapeptide 
GlyAlaGlyAla were used as the crystalline domains (to give the material strength) and 
polyethylene glycol (PEG) as the amorphous matrix (allowing orientation under strain). The 
mechanical properties of fibers and films made from these block copolymers could be 
modulated by manipulating the length and nature of the constituent blocks. Similar work has 
been described by Shao et al.44 A disadvantage of the solution phase method is that large 
peptides are very difficult to synthesize. Larger peptide containing block copolymers, therefore, 
are better accessible via solid phase peptide chemistry. Syntheses of polymer-peptide block 
copolymers using solid phase procedures have been reported employing either nitroxide 
mediated radical polymerization (NMRP) or ATRP for the preparation of the polymer segment.45,
46
Opsteen et al. have recently shown that well-defined block copolymers can be prepared 
by a modular strategy involving the copper catalyzed Huisgen [3+2] dipolar cycloaddition also 
called click reaction to connect the two different polymer segments.47 Click chemistry is 
particularly efficient in water and therefore can be expected to be very suitable for the synthesis 
of new biohybrid macromolecular architectures.48, 49, 50, 51 This approach was followed by Dirks et 
al. who clicked a coumarin functionalized tripeptide to an azide terminated polystyrene.52 The 
coumarin compound, which is highly fluorescent, facilitates the characterization of the product. 
This reaction turned out to be very successful and the method opens many possibilities for the 
synthesis of biohybrid compounds. The prepared biohybrid amphiphiles formed stable vesicular 
structures in water (Figure 2.7) and can be used in biological assays such as thrombin activity 
tests. The construction of biohybrid materials using click chemistry is an emerging field and 
several overviews have recently appeared.53, 54, 55
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Figure 2.7: Left: Synthetic route towards a peptide containing super amphiphile using click chemistry.53 
Right: Self assembly behavior of PS-6 -GlyGlyArgAMC in aqueous solutions. (a) and (b): TEM images taken 
directly after injection (Pt shadowing, scale bars represent 200 and 500 nm for a and b, respectively); (c): 
TEM image taken 18 hours after injection (Pt shadowing, scale bar represents 1 pm); (d): SEM image 
directly taken after injection.
Related to peptide containing block copolymers are the polystyrene -  
polyisocyanopeptide amphiphiles reported by Nolte, Cornelissen et al.56 The macromolecules 
have amino acid based segments that fold into a p-sheet helix, which is also known to occur in 
Nature, e.g. in amyloid fibers, which are responsible for diseases like Alzheimer and Creutzfeldt- 
Jacob.57 The block copolymers of styrene and isocyanopeptides self-organized in water and 
formed super helical structures in which the chiral information is transferred from the amino acid 
building blocks to the macromolecular polyisocyanide segment and subsequently to the 
supramolecular super helices.58 Depending on the poly(isocyanide) block length the amphiphilic 
block copolymers formed various self-assembled structures like multilayers, rod-like micelles 
and polymersomes.
To obtain greater stability, isocyanopeptides were functionalized with a group that could 
be further cross-linked, just as is done with low molecular weight amphiphiles. Vriezema et al. 
synthesized a block copolymer of styrene and a thiophene containing peptideblock derived from 
(L)-isocyanoalanine and a-3-thienylethylamine. 58, 59 This block copolymer formed 
polymersomes both in organic solvents and in water. They succeeded in cross-linking the 
thiophene functions in the skin of the aggregates with a small amount of a ruthenium catalyst 
and subsequently showed that the resulting cross-linked polymersomes contained conducting 
polythiophene chains, making the hollow objects semi-conducting spheres. Further experiments 
revealed that the cross-linked aggregates could entrap enzymes and act as nanoreactors, 
allowing substrates to pass the bilayer membrane and be converted by the entrapped enzymes 
(Figure 2.8).
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Figure 2.8: Vesicles formed by a block copolymer of styrene and a thiophene containing isocyano amino 
acid (PS-6-PIAT) on dispersal in water. Upon addition of a ruthenium catalyst, the bilayer is stabilized due to 
polymerization of the thiophene moieties.58, 59
Another nice example of polyisocyanide containing block copolymers carried out by Kros 
and Cornelissen is a polypeptide coupled to this rigid polymer (Figure 2.9) . 60 For this purpose 
first an NCA polymerization reaction using Y-benzyl L- glutamate N-carboxy anhydride and a 
nickel catalyst was carried out followed by the addition of an isocyanide. After addition of the 
isocyanide monomer a color change of the reaction mixture was observed indicating a change 
in coordination environment of the nickel catalyst. The resulting compound self-assembled into 
spherical aggregates upon evaporation of the solvent.
16
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Figure 2.9: Schematic drawing of the different biohybrid block copolymers that were made using NCA 
polymerization followed by isocyanide polymerization catalyzed by a nickel catalyst. Bottom left: AFM image 
of the block copolymer showing the formation of long rigid polymer molecules, middle and right: vesicular 
structures that are formed upon evaporation of the solvent.60
A very interesting method towards the synthesis of peptide containing amphiphiles 
involves the use of protein engineering, which is a very powerful technique, especially when 
large peptide sequences are needed.61 Protein engineering allows one to change structures at 
the genetic level and opens the possibility to replace specific amino acids in a protein and even 
to introduce non-natural amino acids. A nice example of a biohybrid block copolymer 
synthesized in this way was described by Smeenk et al.62 They synthesized, using protein 
engineering, a triblock copolymer consisting of the repetitive sequence [(AG)3EG]n and two 
PEG blocks (Figure 2.10). The rationale behind the conjugation of the synthetic polymer to the 
N and C termini of the polypeptide was to prevent macroscopic crystallization and to allow the 
formation of self-assembled architectures containing p-sheets of specific width, height, and 
surface functionality. It was observed that indeed well-defined fibrils in the direction of the p- 
sheet stacking were formed.
17
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H in
Figure 2.10: (a) Peptide sequence obtained after protein engineering, (b) structure of the triblock copolymer
PEG-6-[(AG)3EG]n-6-PEG, (c) and (d) TEM images of fibrils formed by the triblock copolymer.
Not only peptide, but also sugar and DNA containing amphiphilic block copolymers have 
been described in the literature. Loos et al.63 synthesized hybrid block copolymers containing 
amylose and polystyrene by covalently attaching maltoheptose derivatives to end-functionalized 
polystyrene followed by enzymatic grafting from the heptose primer. Herrmann has prepared 
DNA containing multiblock copolymers, which formed micellar structures upon dispersion in 
aqueous media.64
2.5 Giant Surfactants
In the previous paragraph it was explained how simple natural building blocks such as 
peptides or carbohydrates can be combined with synthetic polymers to form super surfactants. 
These compounds display aggregation behavior similar to that of the classic low molecular 
weight surfactants, with the advantage that their assemblies are more stable and can be easily 
varied by changing the size of the polymeric blocks and the assembling conditions, e.g. solvent 
or pH. In this section we will discuss a relatively new class of biohybrid amphiphiles: i.e. the 
giant amphiphiles or surfactants. These very large amphiphilic compounds possess a polymeric 
tail and an enzyme or protein as head group. It should be noted that a wide variety of polymer 
enzyme adducts synthesized by more or less randomly coupling an enzyme to a polymeric 
matrix have been described in the literature.65, 66 The attachment of a polymer chain to a 
preselected location on the surface of a protein with the objective of constructing a giant 
amphiphile, however, is relatively new.
18
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An important class of biohybrid conjugates is formed by proteins of which the side chains 
are modified with PEG. Several pegylated proteins are in clinical use as therapeutics.67 
However, coupling PEG to proteins will not result in amphiphiles and this subject, therefore, will 
not be discussed in this chapter. The synthesis of giant amphiphiles was first reported by the 
group of Nolte, who used the well-established biotin-streptavidin (Sav) couple to attach a 
polymer chain to a protein.68 Sav is capable of binding four biotin molecules in a non­
cooperative way on sites that are arranged in pairs at opposed faces of the molecule.69, 70 The 
resulting complex with biotin has the highest affinity known in nature between a protein an a 
ligand (Ka ~1013 M-1, corresponding to a binding energy of approx. 21 kcal.mol-1) . 71 Since the 
valeric acid carboxyl group of biotin does not play a significant role in the binding process, it can 
be easily modified and used in numerous applications.72 The biohybrid amphiphiles were 
prepared by binding two molecules of monobiotinylated polystyrene (an amine terminated 
polystyrene was coupled to the valeric acid carboxylic acid group of biotin) to streptavidin using 
monolayer techniques. To this end the biotinylated polymer was spread on the air/water 
interface in a Langmuir trough followed by the addition of streptavidin to the sub-phase. Surface 
pressure-surface area diagrams combined with Brewster Angle Microscopy (BAM) and Atomic 
Force Microscopy (AFM) revealed binding of two biotinylated polymers to one side of the 
streptavidin molecule. The ability of the protein-polymer complex to bind other biotinylated 
compounds to the unoccupied Sav face was proven with the iron containing protein ferritin and 
the enzyme horseradish peroxidase (HRP). The ferritin containing giant amphiphiles could be 
visualized by Transmission Electron Microscopy. The HRP containing ones were shown to be 
catalytically active.
Other examples in which Sav is used as the building block in polymer-protein hybrids 
have been published in the literature. In these cases the objective was not to construct giant 
amphiphiles but the obtained architectures can be classified as such. Hoffman, Stayton and 
coworkers have coupled stimuli-responsive polymers to SAV and other proteins for the 
reversible precipitation of the latter biomacromolecules73, 74 or to reversibly block the active site 
of the proteins.75, 76, 77, 78, 79, 80, 81, 82 In the latter case the thermally responsive polymer poly(N,N- 
diethylacrylamide) (PDEAAm) was attached to streptavidin at a short distance from one of the 
binding sites. Below the lower critical solution temperature (LCST) of PDEAAm, the polymer is 
in its extended state, allowing binding of biotin to the modified binding site and the neighboring 
site but not of biotinylated proteins, due to steric hindrance. Above the LCST the polymer 
collapses, upon the modified binding site preventing access of both small and larger biotin 
derivatives to this site. In contrast, the crowding around the neighboring site was sharply 
reduced allowing the binding of both biotin and sterically demanding biotinylated proteins.
Kulkarni et al. have synthesized a biotinylated poly(N-isopropylacrylamide) 
(polyNIPAAm) via a reversible addition-fragmentation chain transfer (RAFT) polymerization 
reaction.83 Hydrolysis of the thioester end-group and subsequent coupling of the thiol group with
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a maleimide functionalized biotin formed the biotinylated polyNIPAAm. The particles that were 
formed after binding with Sav were used in microfluidic devices for the capture and release of 
biomacromolecules. The biotin-streptavidin couple has also been extensively used by Niemeyer 
and coworkers for the construction and manipulation of supramolecular assemblies of DNA, 
including unusual ones such as nanorings.84
Another approach to construct giant amphiphiles introduced by the group of Nolte is the 
covalent coupling of a polymer to the surface of a protein.85 In order to achieve this coupling on 
a predefined position, a disulfide bridge positioned on the outer shell of the lipase B from 
Candida antarctica (CALB) was specifically reduced to provide two free thiol groups (Figure 
2.11). One of these groups was connected to a maleimide end-capped polystyrene of 40 repeat 
units, yielding a lipase-polystyrene giant amphiphile. Dispersion of this giant amphiphile in water 
led to the formation of pm long fibers consisting of bundles of micellar rods. The individual rods 
possessed a diameter between 25 and 30 nm, closely corresponding to the diameter predicted 
for micellar architectures built up from these macromolecules. The micellar assemblies exhibited 
6-7% of the activity of a free CALB enzyme. This loss of activity can be partially explained by 
destabilization of the protein molecules and partly by the effect of bundling, which makes most 
of the head groups inaccessible to the substrate molecules.
Figure 2.11: Schematic drawing of the synthesis of CalB-b-PS, which forms micellar rods when dispersed in 
water.
Besides the thiol group of cysteine residues, also amine side chains of lysine have been 
targeted with the objective to synthesize biohybrid macromolecules. The excellent reactivity of 
amines towards a wide range of nucleophiles and the fact that each protein contains at least 
one amine makes this an attractive method for bio-conjugation. Reaction with amines, however, 
has also disadvantages, one being the fact that often more than one amine is present on the
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surface of the protein, resulting in non-specific and random coupling. This heterogeneous 
conjugation can lead to a significant decrease in bioactivity. Site-specific modification of amines 
has been attempted by exploiting the lower pKa of the N-terminal a-amine of proteins, however, 
even when the coupling reaction is conducted under slightly acidic conditions, heterogeneity is 
often still observed.86, 87 Detailed reviews on this method have already been written.88
Also click chemistry can be employed to synthesize protein-polymer conjugates by a 
covalent connection. Dirks et al. have functionalized an enzyme with an azide or acetylene and 
subsequently coupled an azide or acetylene functionalized polymer to it using standard click 
reaction conditions. This procedure is very versatile because it can be applied to different 
enzymes and polypeptides and the conversions are very high.52 It was observed in this 
particular case that after the click reaction, the giant amphiphiles formed spherical structures. 
Another example, in which click chemistry was used to prepare enzyme dimers, has been 
reported by Hatzakis et a l89
Maynard and coworkers have synthesized thioether and disulfide containing initiators 
and employed these compounds in ATRP.90 Treatment of the resulting polymers (e.g. 
poy(hydroxyethylmethacrylate), with a reducing agent such as dithiothreitol (DTT) yielded 
mercapto terminated polymers, which were coupled to a thiol group of bovine serum albumine 
(BSA). This strategy is applicable to a wide variety of polymer-protein conjugates, without the 
need for postpolymerization modifications of the polymer and, therefore, this is another suitable 
method for preparing giant amphiphiles. In another example they used a temperature 
responsive polymer for the coupling to BSA.91 Above the LCST, the synthetic polymer becomes 
water insoluble and a giant amphiphile is obtained.
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Figure 2.12: Two different routes towards giant amphiphiles: (top) synthesis of a functional polymer with a 
protected SH group using ATRP followed by coupling to a peptide, (bottom) Biotin containing initiator which 
after complexation with SAV was used to synthesize a streptavidin polymer conjugate.
In the previous examples, a functional polymer was first synthesized by ATRP and then 
coupled to an enzyme or peptide. In an elegant modification of this procedure Maynard and 
coworkers have grown polymers directly from a protein- initiatorcomplex.92 To this end a biotin 
molecule was functionalized with an initiator. After complexating with Sav an ATRP reaction was 
carried out to obtain a Sav-polymer conjugate (Figure 2.12). The authors only used the 
temperature responsive polymer polyNIPAAm but this procedure opens the possibility to 
synthesize all kinds of amphiphilic polymer protein conjugates, avoiding the tedious coupling of 
the usually incompatible protein and polymer segments. Further advantages are the easier 
purification of the product and the fact that the exact number of polymer chains attached to the 
enzyme is known.93, 94, 95, 96, 97, 98 Protein macro-initiators are also being employed by other 
groups for the construction of protein-polymer conjugates, however, without aiming for 
amphiphilic properties.99
A different way of attaching the polymer chain to the protein is by using metal-ligand 
coordination.100 Following this approach BSA or CalB were functionalized with a ier-pyridine 
ligand using standard protein coupling procedures. Protein-polymer giant amphiphiles were
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subsequently obtained by adding polystyrene end-capped with a mono(ter- 
pyridine)ruthenium(II) complex. The thus prepared amphiphiles displayed different types of 
aggregate morphologies, depending on the length of the polystyrene segment.
An interesting approach to synthesize giant amphiphiles is via cofactor reconstitution, i.e. 
the polymer is coupled to the cofactor of an enzyme and subsequently a reconstitution with the 
apo-enzyme is carried out (Figure 2.13). This method was employed by Nolte and coworkers to 
prepare polystyrene HRP and myoglobin (Mb) biohybrids.101 102 The desired biohybrid 
amphiphiles were obtained by adding a THF solution of the heme cofactor-appended polymer to 
an aqueous solution of the apo-enzyme. The formation of the giant surfactants was confirmed 
by UV-Vis spectroscopy and gel electrophoresis. Electron microscopy (TEM and Cryo-TEM) 
revealed the formation of vesicular aggregates with diameters of 80- 400 nm. In most cases 
these aggregates enclosed spherical objects, often located away from the center of the 
aggregates. To explain these structures, the authors assume that the heme-functionalized 
polymer first forms aggregates on the surface of which the reconstitution reaction with the apo- 
HRP takes place to generate the biohybrid. The latter compound then forms vesicles enclosing 
the initial aggregates. Enzyme activity measurements on these bio-assemblies revealed no 
activity when HRP was reconstituted at 4°C. However, when the reconstitution of apo-HRP was 
carried out at 22 °C the enzyme-polymer hybrid surprisingly retained much of its activity. Similar 
experiments were carried out with the oxygen carrying protein myoglobin. It was found that giant 
amphiphiles prepared from this protein also self-assembled to generate vesicular structures, 
which fused in time to form larger vesicles. Again the activity of the protein was retained, but 
turned out to be reduced when compared to the native species.
Figure 2.13: Reconstitution method to prepare PSgo-£>-Mb and PSgo-6-HRP giant amphiphiles. Inset: the 
self-assembly behavior of PSgo-6-HRP forming vesicular structures.
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2.6 Conclusions
Over a period of more than 4000 years surfactants have been used by man and their 
unusual behavior has been the subject of numerous studies. Despite this fact, these compounds 
continue to attract the interest of scientists and have inspired them to design new surfactants 
with different and often unexpected self assembling properties. As shown in this chapter 
surfactants that are much larger than the classical ones, i.e. super and giant surfactants, can 
now be easily synthesized starting from synthetic polymers and biopolymers. Like their low 
molecular weight counterparts they display intriguing self-assembling properties, which have led 
to the discovery of new structures such as toroids and other complex architectures. Since these 
polymer-based amphiphiles are very stable they are potentially interesting materials for 
application in the fields of nanotechnology and life-sciences (e.g. as drug delivery systems and 
as nanoreactors) . 103
The successful synthesis of amphiphiles containing a protein or enzyme as head group, 
i.e. the giant amphiphiles, opens unique possibilities to construct functional nano-sized 
architectures of a complexity approaching those found in Nature. Although enzymes and 
proteins have been extensively functionalized in the past, the realization that by attaching a 
polymer tail they can be provided at wish with self-assembling properties, similar to those of e.g. 
phospholipids, opens new avenues for the construction of functional biomimetic assemblages.
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Chapter 3
A Novel Route towards Biohybrid Super Amphiphiles
3.1 Introduction
The construction of amphiphilic block copolymers has been the subject of several 
studies, because these types of macromolecules form stable assemblies, in contrast to their low 
molecular weight counterparts (see Chapter 2). By varying the type of blocks, the morphology 
and properties of the self-assembled architectures can be tuned. Besides the type of blocks and 
their volume ratio a large number of other parameters also influence the aggregate architecture, 
i.e. preparation method, temperature, solvent, pH, polymer concentration, and the addition of 
ions.1, 2  3  4  5  6  7 As a consequence of these many variable parameters, a wide variety of 
morphologies has been reported for amphiphilic macromolecules, ranging from classical 
assemblies, such as vesicles and micelles, to multicomponent vesicles and metastable 
structures, which are not observed for the low molecular weight amphiphilic counterparts.8, 9  10,
11, 12 Furthermore, because of their stable character these macromolecules are potential 
candidates for use in e.g. nanotechnology and drug delivery.13, 14, 15 As a result, scientists are 
still searching for novel, versatile, and more efficient routes towards these compounds.
This chapter describes the synthesis of a functional super amphiphile using solid phase 
peptide synthesis. As explained in the previous chapter, this technique involves the stepwise 
addition of N-protected amino acids to a peptide chain anchored with its C-terminus to a 
polymeric support.16 With this method a peptide is constructed via sequential coupling and 
deprotection steps and thus sequence specific peptides can be easily prepared.
3.2 Solid Phase Peptide Synthesis
3.2.1 Synthesis
In search for a versatile route to polymeric super amphiphiles, with improved ease of 
purification, we investigated the use of a solid support. Synthesis of polymer-peptide block 
copolymers using solid phase procedures has been reported recently employing both nitroxide 
mediated polymerization17 and ATRP18 for the preparation of the polymer segment. In these
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studies an amino acid sequence, with at the terminus a polymerization initiator was synthesized 
on the resin. Subsequently, this initiator group was used to grow the second block on the resin. 
Here, another route to peptide-polymer amphiphiles is presented in which (apolar) amine 
functionalized polymers are first attached to the resin and subsequently used to synthesize the 
peptide part. 19
2 n = 40
Scheme 3.1: Synthesis route of PSn-6 -GANPNAAG (1a and 1b) and PSn-£>-GANPNAAG-£>-PSn (2)
In particular in the case of polystyrene, a large variety of amino acids in principle can 
be introduced, still allowing excellent control over the molecular weight and polydispersity of the 
block copolymer. Recently, Lowik et al. have shown that it is possible, solely using a solid 
support method to attach alkyl chains to both the C and N terminus of a p-turn peptide 
sequence from the circumsporozoite (CS) protein of the malaria parasite, Plasmodium 
Falciparum. The amino acid sequence of this peptide is glycine-alanine- asparagine-proline- 
asparagine-alanine-alanine-glycine (GANPNAAG). Double alkylation resulted in the stabilisation 
of the p-hairpin fold.20 Here, this strategy is extended to polystyrene chains to give biohybrid 
compounds 1 and 2 (Scheme 3.1).
The synthesis of the peptide-polymer amphiphiles is outlined in scheme 3.1. The amine 
functionalized polystyrene (n = 20 or 40) was prepared by anionic polymerization and coupling 
of a polar ethylene glycol spacer to the carboxylic acid end-group of the polymer using standard 
coupling procedures.21 Alternatively, aminated polymers could be prepared by using a Boc- 
protected amine functionalized initiator in an ATRP reaction. This also resulted in polymers with 
well-controlled molecular weight and a relatively narrow size distribution (PDI < 1.2) . 22
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Figure 3.2: Schematic representation of biohybrid super amphiphiles 1 and 2 after cleavage from the resin 
and purification.
The amine functionalised polystyrene was attached to a commercially available 
aldehyde modified resin in acetic acid and MeOH/DMF (1:9 v/v) as the solvent mixture by 
means of a reductive amination reaction. Sodium cyanoborohydride was used to reduce the 
imine bond. After washing the resin with DMF, CH2Cl2 and Et2O, a chloranil test was carried out 
to confirm a successful coupling reaction.
Fmoc protected glycine was the first amino acid that was coupled to the polymer 
functionalised resin using W-hydroxybenzotriazol (HOBt) as a coupling reagent. After 24 hours 
the reaction was stopped. A negative Kaiser test was indicative of the successful introduction of 
this amino acid. 23 To ensure that in subsequent reaction steps no longer free secondary amines 
were present, an end capping reaction was carried out using acetic acid anhydride.
The loading of glycine on the resin was calculated with the help of UV-vis spectroscopy 
by removing the Fmoc group with piperidine/DMF from a precisely weighed sample of resin. 
This loading was found to be > 90%. The next 7 amino acids in the GANPNAAG sequence were 
coupled using standard peptide synthesis protocols.24, 25 Each reaction step took 4 hours to 
completion according to a Kaiser test23 (in the case of proline a chloranil test26 was performed to 
check completion). After cleavage from the resin 1a was obtained.
In order to prepare triblock copolymers, carboxylic acid functionalised polystyrene was 
reacted with the terminal amine of the polypeptide sequence on the resin. For this purpose PS40 
instead of PS20 was used because it was observed that after cleavage of 1 a from the resin, 
isolation of the biohybrid was complicated due to the amphiphilic character of this compound. 
The last step, coupling of the carboxylic acid functionalised polystyrene, turned out to be rather 
difficult, probably, as a result of steric restrictions. After 24 hours the positive Kaiser test still 
revealed the presence of free amines. Using a more reactive coupling agent, i.e. benzotriazol-1- 
yl-oxytripyrrolidinephodphonium (pyBOP) and diisopropyl ethylamine (DIPEA) instead of HOBt
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and diisopropylcarbodiimide (DIPCDI), did not dramatically improve the results. After two days 
the reaction was stopped although it was not yet complete. The products were cleaved from the 
resin using TFA and dithioethane and were subsequently isolated by repeated washing of the 
resin with dichloromethane. Less material than expected was collected based on the initial 
loading.
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Figure 3.1: (A) GPC traces of A: PS, B: PS40-6-GANPNAAG (1a) and C: PS40-&-GANPNAAG-6-PS40 (2), 
(B): Distribution of micellar aggregates and (C): TEM images of micellar aggregates of PS40-b-GANPNAAG 
(platinum shadowing, bar represents 2 0 0nm).
GPC and MALDI-TOF mass spectrometry experiments revealed that in reaction B 
(Scheme 3.1) after cleavage from the resin, a mixture of three products was obtained; i.e. end- 
capped polystyrene, PS40-6 -GANPNAAG (1b) and PS40-6 -GANPNAAG-jb-PS40 (2). These 
products could be purified by column chromatography using MeOH/CH2Cl2 (1:9 v/v) as eluent. 
As expected, based on the polarity, end-capped polystyrene was eluted first, followed by 2. As 
the final product the diblock copolymer 1b was obtained in pure form. The product composition 
indicated that, after the first glycine coupling step, peptide synthesis on the polystyrene modified 
resin was not hampered for both PS20 and PS40. Triblock copolymer 2, however, could not be 
completely separated from the polystyrene homopolymer (Fig. 3.1A, trace c).
The GPC data of the biohybrid block copolymer samples 1b and 2, together with the 
amine functionalised polystyrene starting material are shown in Figure 3.1. The decrease in
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elution time in going from the polystyrene derivative to 1 b points to an increase of the molecular 
weight. Relative to polystyrene standards no absolute MW could be determined, but end group 
analysis using MALDI TOF measurements (see experimental section) strongly pointed to the 
formation of 1b. For 2 a significantly higher molecular weight was found, confirming the 
formation of a triblock copolymer. The presence of both the peptide and the polystyrene 
segment in 1b could be proven by UV-vis and 1H NMR spectroscopy.
Initial aggregation studies of PS40-£-GANPNAAG (1b) were carried out by dispersing a 
THF solution of this compound in water. When 0.5 ml of a 0.5 g/L THF solution of 1b was 
injected in 2.5 ml of MilliQ water, aggregates, which were likely to be micellar in nature, were 
formed (Figure 3.1b). These aggregates were quite uniform in size as was concluded from the 
histogram shown in Figure 3.1b. After 4 months the solution was still turbid. TEM 
measurements (not schown) showed that after this period the micellar aggregates had 
transformed into larger spherical aggregates (D>250 nm).
3.2.1 Conclusions
We have shown in this chapter that biohybrid block copolymers can be synthesized 
using straightforward solid phase chemistry. In the presented procedure the synthetic polymer 
(polystyrene is used as an example) is connected to the resin first after which the peptide chain 
is introduced. In this way two different types of blocks can be coupled which would be difficult to 
do in solution. This procedure allowed for good control over the molecular weight and 
polydispersity of the block copolymer segments, which contrasts to previously reported resin- 
based procedures.5, 6 The large choice of synthetic polymers, in combination with the availability 
of large libraries of bio-relevant peptide sequences, offer the possibility to synthesize a variety of 
new amphiphilic macromolecules with diverse and controllable functions.
3.3 Experimental
General Information
W-hydroxybenzotriazol (HOBt), diisopropylcarbodiimide (DIPCDI), benzotriazol-1-yl- 
oxytripyrrolidinophosphonium hexafluorophosphate (pyBOP), diisopropyl ethylamine (DIPEA), 
were purchased from Sigma Aldrich. All solvents were distilled prior to use. Aldehyde 
functionalized resin was purchased from Novabiochem, amino acids were purchased from 
Bachem and Novabiochem and used as received.
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Characterization
1H NMR spectra and 13C NMR spectra were recorded on a Bruker DPX300 spectrometer 
using tetramethylsilane as an internal standard unless stated otherwise. Absorbance 
measurements were performed on a Varian Cary UV 50 spectrophotometer using a quartz 
cuvette. Molecular weight distributions were measured with a Shimadzu Size Exclusion 
Chromatographer (SEC), equipped with a guard column and a PL gel 5 ^m mixed D column 
(Polymer Laboratories) with differential refractive index and UV (X = 254 nm) detection using 
either THF or CHCl3 as an eluent (1 mL/min at 35°C). In both cases polystyrene standards were 
used for calibration. Matrix assisted laser desorption/ ionization time-of-flight (MALDI-TOF) 
spectra were taken on a Bruker Biflex III spectrometer and samples were prepared from THF 
solutions using dithranol (20 mg/mL) as a matrix.
Coupling of styrene to an aldehyde functionalized resin
To a commercially available aldehyde resin (4-(4-formyl-3-methoxyphenoxy)butyryl), 
(0.455 g, 4.55x10-4 mmol) in 4 ml MeOH/DMF 1:9 v/v, 10 equiv. of both amine functionalized 
polystyrene (3.0 g, 9.09x10-4 mol), NaCNBH3 (3.0 g, 9.09x10-4 mol) and AcOH (0.13 mL, 
2.27x10-3 mol) were added. After gently stirring the mixture for 2.5 hrs at 80 °C, the resin was 
washed successively with DMF, dichloromethane, and methanol. This washing procedure was 
repeated three times. The coupling was checked via a chloranil test.
Amino acid coupling
The first amino acid was coupled with 6 . 6  equiv. of DIPCDI, 7.2 equiv. of HOBt and 6  
equiv. Fmoc-glycine in DMF at room temperature. The coupling was carried out for 2 hrs and 
was repeated overnight, followed by washing the resin with DMF, dichloromethane, and 
methanol. The absence of free amines was checked with the help of a chloranil test. The resin 
was dried in vacuo and an Fmoc determination was performed to calculate the yield.
Peptide couplings were carried out in DMF using 6 . 6  equiv. of DIPCDI, 7.2 equiv. of 
HOBt, and the following series of 6  equiv. of Fmoc amino acids: Alanine, Alanine, Asparagine, 
Proline, Asparagine, Alanine, and Glycine. After every coupling the resin was washed with DMF, 
dichloromethane and methanol after which a Kaiser test was performed. When the Kaiser test 
was negative, the Fmoc group was removed and the following coupling step was started. The 
Fmoc group was removed with 20% piperidine/DMF (3 times during 6  min) followed by a 
washing with DMF (3 times). In this particular case, from the point the first asparagine was 
incorporated, each deprotection step was performed using a piperidine solution containing 0 .1  
M HOBt, to minimize side products related to aspartimide formation.
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Coupling of second polystyrene
The second polystyrene was coupled using the same conditions as mentioned above for 
the amino acid coupling with the difference that instead of HOBt, pyBOP was used as the a 
coupling reagent and the suspension was shaken overnight. Two equivalents of polystyrene 
acid in dichloromethane and 3.3 equiv. of DIPEA, 3.6 equiv. of pyBOP in DMF were added to 
the resin and the mixture was shaken overnight.
Cleavage from the resin
Before TFA-cleavage the resin was washed with DMF, dichloromethane, and methanol. 
When this sequence of washings was completed, the peptide was cleaved with 5% H2O in TFA 
for 3 hrs. The polymer was precipitated in methanol, and further purified by column 
chromatography (silica CH2Cl2/ MeOH, 9:1 v/v).
PS20-b-GANPNAAG (1a)
1H NMR (300 MHz, CDCfe, 22oC, TMS): S = 7.21- 5.93 (br, C^CH(Ph)- and NH and 
NH2), 4.9-4.5 (br, 6 H, CH-ala, CH-asn, CH-pro), 4.3-4.0 (br, 4H, CH2-gly), 3.9-3.0 (br, 14H, - 
CH2CH2OCH2CH2OCH2CH2-, C^N-Pro), 1.5 (s, 9H, CH3-ala), 2.51-0.78 (br, 
CH3CH2CH(CH3)(CH2CH(Ph)n(C=O)-), 0.78-0.54 (br, 6 H, CH3CH2CH(CH3)(CH2CH(Ph)n(C=O)-). 
Other peaks could not be assigned due to overlap of signals.
GPC (THF): Mw = 3043 g/mol
PS40-b-GANPNAAG (1b)
1H NMR (300 MHz, CDCfe, 22oC, TMS): S = 7.51- 5.90 (br, C^CH(Ph)- and NH and 
NH2), 4.9-4.4 (br, 6 H, CH-ala, CH-asn, CH-pro), 4.3-4.1 (br, 4H, CH2-gly), 3.8-3.1 (br, 14H, - 
CH2CH2OCH2CH2OCH2CH2-, C^N-Pro), 1.5 (s, 9H, CH3-ala), 2.53-0.78 (br, 
CH3CH2CH(CH3)(CH2CH(Ph)n(C=O)-), 0.78-0.54 (br, 6 H, CH3CH2CH(CH3)(CH2CH(Ph)n(C=O)-). 
Other peaks could not be assigned due to overlap of signals.
GPC (THF): Mw = 4288 g/mol
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PS40-b-GANPNAAG-b-PS40 (2)
1H NMR (CDCI3, 300.13 MHz) 5 = 7.51- 5.80 (br, CH2CH(P^)- and NH and NH2), 4.9­
4.5 (br, 6 H, CH-ala, CH-asn, CH-pro), 4.3-4.0 (br, 4H, CH2-gIy), 3.7-3.2 (br, 14H, - 
CH2 CH2 OCH2 CH2 OCH2 CH2-, CH2N-Pro), 1.5 (s, 9H, CH3-aIa), 2.5-0.78 (br, 
CH3CH2CH(CH3)(CH2CH(Ph)n(C=O)-), 0.78-0.55 (br, 6 H, CH3CH2CH(CH3)(CH2CH(Ph)n(C=O)-). 
Other peaks could not be assigned due to overlap of signals.
GPC (THF): Mw = 9786 g/mol
Maldi TOF mass spectroscopy measurements 
Maldi TOF mass spectroscopy measurements were carried out to perform end group analysis. 
Figure 3.2 shows the Maldi TOF spectrum of 1b. End group analysis indicates that the end 
group of polymer 1b is approximately 870 g/mole which strongly points to the formation of 1b.
4 0 0 0  5 0 0 0  6 0 0 0
Figure 3.2: Maldi TOF spectrum of 1b.
Transmission Electron Microscopy (TEM) experiments
To prepare assemblies of PS40-b-GANPNAAG, 500^L of a solution of 0.5 mg/mL of this 
compound in THF was injected into 2.5 mL of ultrapure water. For all experiments a droplet of 
the resulting mixture was put on a carbon coated copper grid. After 5 min, excess of solvent was 
removed with a filter paper. TEM images were obtained using a JEOL JEM 1010 microscope 
(60 kV) equipped with a CCD camera. The samples of PS40-b-GANPNAAG were stained with 
uranyl acetate.
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Chapter 4
HRP and Mb based Giant Amphiphiles
4.1 Introduction
4.1.1 General introduction
In order to create functional biohybrid amphiphiles, of high stability, researchers have 
combined the features of synthetic polymers and the folding properties of proteins.1 In the 
previous chapter a novel route towards biohybrid super amphiphiles was presented, i.e. a route 
that makes use of solid phase peptide synthesis (SPPS) to prepare biohybrid triblock 
copolymers.2 In this chapter we describe the synthesis of giant amphiphiles, i.e. 
macromolecules with an enzyme as a polar head group and a synthetic polymer as the 
hydrophobic tail. Recently it was shown that super amphiphiles tend to behave similar to low 
molecular weight amphiphiles, in the sense that they follow the rules of Isreallachvilli. 3  4  5  6 
Here we want to investigate if giant amphiphiles also display properties comparable to those of 
common amphiphiles. 7 To this end, giant amphiphiles with different polystyrene tail lengths and 
also a compound with polymethylmetacrylate as a tail was prepared and studied. In chapter two 
it was mentioned that three different approaches towards giant amphiphiles had been 
developed by our group, namely the streptavidin-biotin approach, covalent binding of a polymer 
chain to an enzyme via a SH group, and the reconstitution method which was applied to 
myoglobin (Mb) or horse radish peroxidase (HRP). 8  9  10, 11 In this chapter, the reconstitution 
method is chosen to prepare the biohybrid compounds. Besides the self assembly behavior, 
which depends on the type and length of the polymer tail, the catalytic activity of these giant 
amphiphiles has been investigated.
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4.1.2 Atom Transfer Radical Polymerization
The polymerization method used for the research described in this chapter is the atom 
transfer radical polymerization reaction (ATRP).
Figure 4.1: Mechanism of an ATR polymerization reaction with Mn = transition metal complex, X-R = 
initiator.
In this procedure, the polymerization is initiated by hemolytic cleavage of a carbon 
halogen bond by a transition metal-based catalyst (Mn(L)) (Figure 4.1) . 12 As the polymerization 
progresses, the halogen atom shuttles between the end of the growing polymer chain and the 
transition metal catalyst, leading to equilibrium between the growing polymer chains and the 
halogen terminated dormant chains. 13 This equilibrium is shifted far to the right in favor of the 
dormant chains, keeping the concentration of the radicals low. This prevents termination 
reactions (Figure 4.1d). The most widely used transition metal catalyst is copper 14 in 
combination with different amino-based ligands. 15, 16, 17 There is a wide range of applicable 
initiators for ATRP of which the a-bromo esters are the most commonly used, as the 
straightforward chemistry of this ester group results in a large number of functional initiators.18 
The disadvantage of ATRP is that it is not possible to polymerize all types of monomers; e.g. 
acryl amides cannot be polymerized in this way. Furthermore, some solvents lead to problems 
during polymerization, e.g. in water, the control over the polymerization reaction is poor. 19, 20 
The major advantage of ATRP is its simplicity and the ease with which it can be used to create
functional polymers. 21, 22, 23
4.1.3 Myoglobin (Mb) and Horse Radish Peroxidase (HRP)
Myoglobin (Mb) and horse radish peroxidase (HRP) were used as the headgroup of the 
giant amphiphiles. The latter enzyme is probably the best-studied member of the plant 
peroxidase family.24 Both enzymes bear a heme as cofactor (Figure 4.2).
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HRP has a molecular weight of 43 kDa and is 5.7x3.5x3.3 nm in size. The enzyme 
catalyzes the oxidative coupling of phenolic compounds using hydrogen peroxide as the 
oxidizing agent. The reaction is a three step cyclic reaction in which the enzyme first is oxidized 
by hydrogen peroxide and then reduced in two electron transfer steps by reducing substrates, 
typically a small phenol derivative. The oxidized substrate radicals can polymerize, with the final
product depending on the chemical character of the radical and on the reaction environment. 25,
26
HRP[Fe(lll)Porph2']+ + H20 2 -------------► H R P (Fe(IV )=0)P orph*T* + H20
• a Compound 1Native state
HRP[Fe(IV)=0)Porph*']*+ + AH -------------►  HRP[Fe(IV)=0)Porph2’]-H+ + A’
Compound 2
HRP[Fe(IV)=0)Porph2‘]-H+ + AH -------------^  HRP[Fe(lll)Porph2T  + H20 + A'
AH = Substrate Molecule. FeillhPorDh = heme
Figure 4.2: Above: 3D structure of horse radish peroxidase (left) with its heme group depicted as a ball and 
stick model and protoporphyrin IX (right). Below: enzymatic reaction of HRP.
Myoglobin (Mb) is found in skeletal and heart muscles where its function is to store and 
transport oxygen. This biomacromolecule was the first protein which was characterized with 
atomic resolution. Its three-dimensional structure was elucidated by Kendrew and is considered 
to be a landmark in molecular biology.27 The 17 kDa protein has a high a-helical content and is 
4.5x3.5x2.5 nm in size. The heme group is located in the predominantly apolar interior of the 
protein.28 In vivo only the oxy and de-oxy forms of Mb occur, whereas in vitro the met form is the 
resting state. The three forms each display distinctive spectroscopic properties.
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Figure 4.3: Left 3D structure of myoglobin with its heme group depicted as ball and stick model. Top right: 
the oxygen binding circle of this protein; bottom right: spectroscopic properties of the three different forms of 
Mb.
4.1.4 The reconstitution method
The giant amphiphiles described in this chapter are prepared by the use of the 
reconstitution method, which is known to be a good procedure for the introduction of a 
controlled number of synthetic modifications at a predetermined position in the protein. To this 
end, the cofactor is extracted from the protein after which it is modified by conventional organic 
synthesis. After reconstitution with the apo enzyme, a modified enzyme is obtained. This 
method has been found to be useful to prepare a variety of modified proteins of which a few 
examples will be discussed below. The propionate functions of the cofactor 
(protoporphyrinIXFe(III)Cl (PPIXFe(III)Cl)) are important for the oxygen binding properties of 
myoglobin, as they play a role in fixing the cofactor at the correct position in the heme pocket 
and because they stabilize the heme-protein contact by electrostatic interactions with amino 
acid residues in the protein. Still, a vast number of propionate modified cofactors has been 
successfully reconstituted to apo-Mb. 29, 30, 31, 32, 33, 34, 35
Hayashi et al. reconstituted apo-Mb with cofactor 1, which has either Fe(III) or Zn (II) as 
the metal center.36, 37, 38, 39 They demonstrated that Fe-Mb modified with eight carboxylic acid 
groups displays an altered substrate specificity compared to native Mb and also an enhanced 
peroxidase activity was observed. Furthermore, they showed that the modified ZnMb could bind 
cytochrome C (CytC) via electrostatic interactions between the carboxylic acid groups and the 
positively charged CytC surface. The obtained protein-protein complex was used as a model to 
study interprotein electron transfer. It was reported, by comparison with other modified Mbs, that
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the dynamic nature of the artificial binding site for CytC has a direct influence on the electron 
transfer rates.
Hamachi et al. found for a modified Mb resulting from the reconstitution of 2 with apo- 
Mb, that fundamental characteristics, except the rate of auto oxidation, were almost identical to 
those of the native protein, showing that it is possible to connect bulky functionalities to the 
cofactor via a short spacer.40 In addition, Ogoshi et al showed that it is possible to connect two 
Mbs via a short spacer using 3 as the cofactor. Also here the characteristics of the modified 
protein are similar to those of the native enzyme, except for the auto oxidation rate. For almost 
all Mb proteins modified via their propionates an increased auto oxidation rate was observed, 
indicating that the oxy form is destabilized, which is probably the result of the disturbed 
hydrogen bonding network in which the propionates take part.41 Various other interesting 
modified Mbs have been constructed, e.g. displaying sugar-responsive oxidation behavior, Mbs 
with transition metal binding properties, and Mbs with ribo-flavin and NADH modified hemes 
(Figure 4.4).42, 43, 44, 45, 46, 47
CCOH
Figure 4.4: Selection of modified hemes reconstituted to apo-Mb as reported in the literature (see text).
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4.1.5 Glucose oxidase
Since in this chapter experiments with Glucose Oxidase (GOx) will be described, we will 
give a short summary of the structure and properties of this enzyme. GOx catalyses the 
conversion of p-D-glucose to D-glucono-1,5 -lactone and hydrogen peroxide using molecular 
oxygen as the oxidant. GOx is a dimeric protein with a molecular weight of 160 kDa, containing 
one flavin adenine nucleotide (FAD) per monomer as cofactor.48, 49 The dimeric protein is 
7.0x5.5x8.0 nm in size and has a slightly elongated globular shape. The FAD cofactor is tightly 
bound and the active site is only available via a funnel shaped pocket with an opening of 1 .0  by 
1.0 nm at the enzyme’s surface.50 The tight association of the two identical subunits is required 
for the enzyme to perform its enzymatic activity. It was shown that upon the reduction of the 
FAD group the enzyme reorganizes locally by transforming from a random-coil to a beta sheet 
structure at the interface of the two subunits.51
Encapsulation of enzymes within liposomes has been described since the first 
publications on the potential medical use of lipid vesicles in the early 70’s.52, 53, 54 The 
immobilization, encapsulation and entrapment of GOx, has attracted the interest of many 
researchers in connection with the potential application of this enzyme in immuno-assays, as a 
glucose sensor, in enzyme replacement therapy and oral hygiene.55, 56, 57, 58, 59, 60 Incorporation of 
the enzyme in vesicles provides protection from proteases present in biological fluids and 
increases the lifetime of the enzyme by slowing down denaturation processes, e.g. caused by 
aggregation.61, 62, 63 Furthermore, encapsulation of an enzyme such as Gox may provide 
controlled access to substrate and controlled release of product via the barrier function of the 
membrane material.58
Winterhalter and coworkers have studied vesicles from synthetic copolymeric super 
amphiphiles, which contained a channel protein that is inserted in the vesicle membrane and an 
enzyme that is present in the vesicle interior.64 Both the channel protein and the enzyme 
retained their catalytic activity in this environment. These findings suggest that macromolecular 
synthetic membranes may be compatible with the function of enzymes. Moreover, the lack of 
charged groups in these macro amphiphiles prevents strong ionic interactions with proteins, in 
contrast to systems where proteins are encapsulated in cationic or anionic liposomes.59 The 
added functionality (such as tunable thickness and permeability of the membrane) of vesicles 
formed from polymeric components has attracted interest to include enzymes into assemblies 
formed from these materials. Vriezema and coworkers have investigated the cascade reaction 
of HRP and Gox using polymersomes of polystyrene-6 -polyisocyano alanylthiophene where one 
of the enzymes is situated in the bilayer and the other enzyme in the interior of the assembly. 65 
They observed that the substrate is able to pass the membrane, while the enzymes are not.
In the present study, Gox will be included in assemblies consisting of HRP giant 
amphiphiles. The substrate glucose is thought to pass the bilayer of these HRP containing 
assemblies where it is converted by Gox into glucolactone and hydrogen peroxide. The
44
HRP and Mb based Giant Amphiphiles
hydrogen peroxide is subsequently used by HRP to convert ABTS into its colored radical cation, 
which can be detected by spectroscopic methods. The possibility of such a cascade reaction will 
be explored and differences in polymer length and type of polymer will be investigated.
4.2 Synthesis and Characterization
4.2.1 Synthesis
The synthesis of polymer-functionalized protoporphyrinIX (PPIX) was slightly different 
than the route described by Boerakker et al.5, 6 Instead of protecting the carboxylic acid group of 
PPIX with an ethyl ester group, a t-butyl ester was used following a literature procedure.66 To 
this end, the PPIX was dissolved in pyridine and di-te/t-butyl dicarbonate, 
dimethylaminopyridine (DMAP) and t-butanol were added. The reaction mixture was stirred at 
room temperature for 6  hrs. After purification the mono-t-butyl ester PPIX was obtained in 60% 
yield.
Next, an amino-functionalized polymer can be coupled to PPIX. The polymers that were 
used were polymethylmetacrylate (PMMA) and polystyrene (PS). The synthesis route of these 
polymers is shown in Scheme 4.1.
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8 n = 120 (y = 93%) 
Scheme 4.1: Synthetic routes to amine-functionalized PS and PMMA.
In the first step an ATR polymerization reaction is carried out using 2-bromo butyric acid 
as the initiator. To polymerize styrene, the polymerization reaction was carried out in bulk at 
90oC with anisole as an internal standard. The CuBr/PMDETA complex was used as the 
catalyst. After the desired conversion had been reached, as was determined by Gas 
Chromatography (GC), the polymer was purified by extraction with an aqueous EDTA solution 
and precipitation in methanol. To polymerize methyl methacrylate, toluene was used as a 
solvent and the reaction was carried out at 60oC. The monomer conversion was monitored by 
GC and when the desired conversion had been reached the solution was freed from the salt and
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monomer with the help of alumina column chromatography and toluene as an eluent. 
Subsequently, the polymer was precipitated in hexane.
Next, the t-butyl ester functions of both polymers were removed with TFA in 
dichloromethane. From both 1H-NMR and IR spectra it was concluded that the deprotection was 
successful. In the next step, the polar spacer was attached using standard coupling conditions. 
The polymers were purified by column chromatography followed by precipitation in methanol 
and hexane, for PS and PMMA, respectively. After deprotection of the Boc group with TFA in 
dichloromethane and subsequent purification, the amine-functionalized polymers were obtained. 
Table 4.1 shows the molecular weights and polydispersities (PDI) of different polymers.
Table 4.1: Molecular weight characteristics of PS and PMMA polymers.
Polymer Mn PDI
7a 2116 1.13
7b 3125 1.16
8 12646 1 .1 2
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Scheme 4.2: Synthesis of PS functionalized with a heme group.
PPIX mono f-butyl ester was coupled to the polymers using standard coupling 
conditions. For all polymers the reaction mixture was stirred overnight and after completion, as 
was concluded from TLC, the polymers were purified by silica column chromatography.
To insert iron into PPIX, similar conditions were used as described by Boerakker et al.5, 
i.e. treatment with FeCl2 in THF/ DMF (1:3 v/v). For the PMMA containing PIXX this step was 
very troublesome and an additional purification step using biobeads column chromatography 
was needed.
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Scheme 4.3: Synthesis of PMMA functionalized with heme.
In another approach to prepare polymer-heme conjugates, it was attempted to grow 
polymers from PPIX. De Loos et al. have described the possibility to polymerize styrene from a 
porphyrin using the ATRP reaction.67 For this approach, 2 or more equivalents of copper are 
needed when a free base porphyrin is modified. In the case of a zinc inserted porphyrin, 
however, only one equivalent of copper was needed. It was observed that the length of the 
polymer could be tuned by varying the amount of monomer and the polymerization time, while 
keeping the molecular weight distribution low. This approach was also investigated for 2-bromo 
isobutyryl functionalized PPIX as is shown in Scheme 4.4. In the first reaction step, one of the 
carboxylic acid groups of PPIX was functionalized with an ethyl ester using literature
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conditions*.68 Subsequently, a 2-bromo isobutyryl functionalized spacer was attached. The ethyl 
ester function of the resulting product was removed by base.
Scheme 4.4: Synthesis route to 2-bromo isobutyryl PPIX.
When an ATRP reaction with initiator 18 was carried out, using two equivalents of 
copper bromide, no polymerization of styrene occurred. Instead, the vinyl bonds of the cofactor 
were polymerized as was concluded from 1H-NMR spectroscopy. Unfortunately, under more 
dilute conditions the polymerization of these vinylic bonds could not be prevented. To overcome 
this problem, the vinylic groups can be protected; however, this procedure is much more 
laborious than the coupling of a polymer to PPIX, as described earlier in this paragraph.
4.2.2 Self-assembly behavior
The self assembly behavior of polymer-PPIXFe(III)Cl super amphiphiles was compared 
with the results of Boerakker et al.5 The polymers were dissolved in THF (0.3 mg/mL solutions) 
and 300 ^l of each solution was injected into 1 mL phosphate buffer solution, pH 7.5. Figure 4.5 
shows the different assemblies that were observed for PS and PMMA functionalized with 
PPIXFe(III)Cl.5
* The synthesis of ethyl ester of PPIX gives lower yields compared to the synthesis of /-butyl ester PPIX. However, 
when this research was carried out, the synthesis of /-Bu-PPIX was not investigated at that time
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Figure 4.5: TEM images (no staining) of (A): Vesicular structures of PS40-6 -PPIXFe(III)Cl, (B): spherical 
assemblies of PMMA120-6 -PPIXFe(III)Cl, (C): vesicular structures of PS20-6-PPIXFe(III)Cl. Bars represent 
500 nm for A and 200 nm for B and C.
PS40-b-PPIXFe(III)Cl formed similar vesicular assemblies as PS90-b-PPIXFe(III)Cl 
studied by Boerakker with the main difference that the former aggregates did not show a 
perforated character. Furthermore, these vesicles have an average diameter of d = 200 nm in 
contrast to the assemblies observed for PS90-b-PPIXFe(III)Cl (d = 500 nm). The aggregates of 
PS20-b-PPIXFe(III)Cl also displayed an average diameter of 200 nm. The PMMA containing 
super amphiphiles formed smaller spherical aggregates, which were likely micellar in nature.
4.3 Reconstitution with Mb and HRP and Activity Measurements
4.3.1 Reconstitution with HRP and Mb
Reconstitution experiments were carried under similar conditions as described by 
Boerakker et a l5 To a solution of protein (HRP or Mb) in a phosphate buffer a solution of 
polymer in THF was injected and the reaction mixture was stirred vigorously for four days at 
room temperature. After this period, the solutions were dialyzed to remove the excess of 
protein. The disadvantage of this method is that the protein partially denaturates, resulting in 
relatively low enzymatic activity of the resulting giant amphiphiles. However, when the 
reconstitution was carried out under mild conditions, i.e. gently shaking, the polymer was not 
stable in solution and precipitated.
PMMA containing PPIXFe(III)Cl did not dissolve very well in THF. A lower concentration 
of this macromolecule in THF was therefore used, i.e. 0.15 mg/mL instead of 0.3 mg/mL. The 
resulting polymer solution was injected into buffer solution containing the apo enzyme as 
described above and the reconstitution mixture was stirred vigorously for four days after which 
the solution was dialyzed to remove the excess of protein.
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Figure 4.6: UV-vis spectra of native HRP, PMMA120-b-PPIXFe(III)Cl, and PMMA120-b-HRP. All spectra were 
recorded in a 20mM phosphate buffer, pH 7.5.
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Figure 4.7: UV-vis spectra of native Mb, PMMA120-b- PPIXFe(III)Cl and PMMA120-b-Mb. All spectra were 
recorded in a 20mM phosphate buffer, pH 7.5.
The resulting giant amphiphiles were studied by UV-vis spectroscopy. Mb-b-PMMA120 
showed the same UV-vis maxima as the native enzyme (X = 418nm) whereas the HRP 
containing amphiphile showed a maximum at 398 nm, which is a 4 nm difference, probably 
caused by the fact that the cofactor is slightly differently situated in the interior of the enzyme. 
For all polystyrene containing polymers the maxima in the UV-vis spectra corresponded to the 
maxima of the native enzyme for both Mb and HRP, indicating that the reconstitution procedure 
had been successful (Figures 4.8 en 4.9). As expected, PAGE electrophoresis showed no 
penetration of the giant amphiphiles into the gel (results not shown) . 5
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Figure 4.8: UV-vis spectra of native HRP and PS functionalized HRP (PS20-6-HRP and PS40-6-HRP) and 
PSn-b-PPIXFe(III)Cl (n = 20 or 40). All spectra were recorded in a 20mM phosphate buffer, pH 7.5.
Figure 4.9: UV-vis spectra of native Mb, PSn-b-Mb and PSn-b-PPIXFe(III)Cl with n = 20 or 40. All spectra 
were recorded in a 20mM phosphate buffer, pH 7.5
4.3.2 Self assembly behavior of giant amphiphiles
After dialysis the self-assembling behavior of the giant amphiphiles was studied and 
compared with the self-assembling behavior of PS90-b-Mb and PS90-b-HRP. 5 It is known that 
PS90-b-Mb forms vesicular assemblies that have a tendency to fuse. PS90-b-HRP gives 
aggregates of which the exact nature is not yet fully understood. 5
In the case of PS40-b-Mb both micellar rods and vesicular architectures were observed 
(Figure 4.10), which both showed similar fusion behavior to that of PS90-b-Mb studied by
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Boerakker et a l5 The transition from only vesicular structures to intermediate structures suggest 
some agreement with the theory of Isreallachvilli: when the volume of the apolar part decreases, 
a transition from bilayer structures such as vesicles towards micellar structures is expected.11 
The self-assembly behavior of PS20-b-Mb, having an even shorter apolar part, was not very 
different from that of the PS40 variant; although the assemblies were less well structured. PMMA 
containing giant amphiphiles of Mb did not form well-defined architectures and no further studies 
were conducted with this amphiphile.
Figure 4.10: (A): TEM image and (B): SEM image of vesicular structures of PS90-b-Mb 5, (C): TEM image 
and (D): SEM image of aggregates of PS40-b-Mb. Bars represent A: 200nm, B: 500nm, C and D: 1 ^m.
HRP containing amphiphiles showed similar aggregation behavior as the amphiphiles 
prepared by Boerakker et al., i.e. spherical objects with a darker interior (see Figure 4.11). The 
aggregates observed for PS40 were smaller including their darker interior, which is probably 
caused by the shorter polystyrene tail. This is in line with the idea that first vesicles of PS-b- 
PPIXFe(III)Cl are formed and that subsequently the enzyme molecules reconstitutes at the 
surface of these vesicles. The PS20 containing amphiphiles did not generate well-defined 
assemblies, probably because the polymer tail is too short resulting in instable aggregates.
The PMMA containing amphiphiles formed spherical aggregates with small dark spots. 
The size of these assemblies was between d = 100-200 nm, suggesting that they might be 
micellar in nature. The presence of the dark spots is strange and not yet understood, requiring 
more research to establish the origin of these features.
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Figure 4.11: TEM images of the assemblies of (A): PS40-b-HRP, (B) PS20-b-HRP, (C): PS90-b-HRP and (D):
PMMA120-b-HRP.
4.3.3 Catalytic Activity
In previous research it was demonstrated that the enzymatic activity of PS90-b-HRP is 
substantially lower after reconstitution and assembly in an aqueous solution. A turnover 
frequency (TOF) of 360 h-1 was measured compared to 76000 h-1 for the native enzyme under 
the same conditions.5 Here we investigated if variation in the polymer length and differences in 
polymer type would influence the activity of the HRP containing giant amphiphiles.
The ABTS-H2O2 assay was used for the activity measurements. In this assay the 
conversion of ABTS (2,2’-azido-bis(3-ethylbenzthiazoline-6-sulphonic acid) into its green 
oxidized radical cation is followed by UV-vis spectroscopy at X = 420 nm. For these activity 
measurements, assemblies of PSn-b-HRP were prepared as described in the previous 
paragraph and these mixtures were stored at 4oC. Next, to a solution of ABTS (400 pL, 2.3x10' 5 
mM), an aqueous solution of hydrogen peroxide (12 pL, 0.07%) was added. Subsequently, 10 
pL of a PSn-b-HRP mixture was brought to room temperature and added to the ABTS/ H2O2 
solution, after which the enzymatic activity was immediately monitored for 25 minutes by UV-vis 
spectroscopy (X = 420 nm). The enzymatic activity of apo-HRP and HRP were taken as 
references. To study the catalytic activity of the modified cofactors in aqueous solution in the 
absence of apo-HRP, 10 mL of a THF solution of the cofactor was injected into 10mL of an 
aqueous phosphate buffered solution (pH 7.5). The modified cofactors did not show any 
catalytic activity as was concluded from the ABTS/ H2O2 assay.
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Figure 4.12: ABTS-hydrogen peroxide activity tests for assemblies of HRP giant amphiphiles and a blank 
experiment in which no HRP is present.
Table 4.2: T urn over frequencies (per hour) for the giant amphiphile assemblies in 20mM PBS buffer, pH 7.5
at RT.
Giant
amphiphile
PS9c-b-
HRP
PS40-b-
HRP
PSzo-b-
HRP
PMMA1 2 0-
b-HRP
TOF h-1 360 1204 4358 5539
Average 
diameter of 
assemblies (nm)a
200-250 100-125 40-50 10 0 -2 0 0
a Amphiphiles of PS20-b-HRP formed less well defined assemblies. The average diameter of the assemblies 
was estimated from TEM experiments (see Figure 4.11).
The results are shown in Figure 4.12 and Table 4.2. As previously observed, the attachment of 
a polymeric chain to the cofactor partly suppresses the activity of the reconstituted enzyme. The 
TOF numbers measured for PS2o and PS40, (4358 and 1204 h-1, respectively), indicate however 
that the activity decrease is smaller for the short polystyrene blocks than for the larger block 
(TOF for PS90 is 360 h-1). The HRP-b-PMMA aggregates displayed a higher activity (TOF is 
5539 h-1) than the HRP-b-PS aggregates despite the fact that the degree of polymerization of 
the PMMA block was larger. Thus, one may conclude that the observed decrease in activity 
compared to native HRP is not only due to steric shielding of the active site of the enzyme by 
the polymer chains in the aggregates, but also related to the type of the polymer that is attached 
to the co-factor, which may act as a hydrophobic barrier to transport. Being less hydrophobic
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than their PS counterparts, the PMMA chains probably allow for a better access to the active 
site of the enzyme molecules. Possibly, the micellar structure of the PMMA-HRP assemblies 
also plays a role, favoring a better accessibility as well. All together these experiments 
demonstrate that the HRP containing nano-aggregates do retain their enzymatic activity.
4.4 Inclusion of Glucose-Oxidase, Towards Cascade Reactions
4.5.1 Reconstitution Experiments
To study the possibility of performing cascade reactions with different enzymes in the 
giant amphiphile assemblies, a proof of concept was worked out with the polymer-HRP 
conjugates, which enclosed Glucose Oxidase (GOx). To encapsulate GOx into the inner 
aqueous compartment of the HRP polymer nanoreactors, reconstitution experiments were 
performed as described earlier, but with GOx present in the initial apo-HRP buffered aqueous 
solution. As the highest GOx activity is reached at pH = 6 and the optimal HRP reconstitution is 
done at pH = 7.5 5, 48 the best conditions for this step had to be determined. These were found 
to be the reconstitution of the HRP at pH = 7.5, followed by dialysis at pH = 7.0 to remove non­
encapsulated species. At pH = 7.0 both HRP as GOx show good enzymatic activity. The various 
experiments for the construction of the GOx and HRP containing nanoreactors for different 
polymers are summarized in Table 4.3.
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Table 4.3: Conditions used for the construction of nanoreactors containing both HRP and GOx. pH during
reconstitution is 7.5 and the concentration of the PBS buffer is 20mM.
Polymer Equivalent Gox 
with respect to 
polymer
Observed 
aggregates 
(average size)
pH after 
dialysis
PS40-b-
PPIXFe(III)Cl
0.05 Spheres
(50-100nm)
7
PMMA120-b-
PPIXFe(III)Cl
0.05 Spheres (100­
2 0 0 nm)
7
PS40-b-
PPIXFe(III)Cl
0 Spheres
(50-100nm)
7
PMMA120-b-
PPIXFe(III)Cl
0 Spheres (100­
2 0 0 nm)
7
PPIXZn-b-PS48-
b-PEGm a
0.05 Multicomponent
vesiclesa
7
a For the synthesis of this compound see chapter 5.
Following the reconstitution pathway as described in paragraph 4.3, after the incubation 
time (4 days of vigorously stirring at room temperature) dialysis using 300kDa dialysis bags was 
applied. In this case, not only apo-HRP will pass the membrane but also Gox which is 
encapsulated.
Blank experiments were performed to verify that Gox is not sticking to the surface of the 
polymer-b-HRP assemblies. In these experiments, PS40-b-PPIXFe(III)Cl and PMMA120-b- 
PPIXFe(III)Cl were reconstituted with apo-HRP without the presence of GOx in the solution. 
After four days of stirring, GOx was added prior the final dialysis step. If Gox will not stick to the 
surface the added Gox molecules will be removed during the dialysis step and no reaction will 
be observed.
In a second blank experiment, reconstitution with PPIXZn-b-polymer in the presence of 
apo-HRP and Gox was carried out. PPIXZn containing HRP will not show catalytic activity and it 
is expected therefore that no cascade reaction will occur.
After dialysis, UV-vis spectra (not shown) showed that for the applied conditions (Table 
4.3), reconstitution was successful; a band at the expected wavelength was observed. The
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concentration was too low, and there was too much scattering to observe the band that 
corresponds to the FAD cofactor of Gox.
Gel electrophoresis under non-denaturating conditions (PAGE) showed the absence of 
both free apo-HRP and GOX in the newly formed assemblies, which, as expected did not 
penetrate the gel. Using denaturating conditions (SDS PAGE), only a smear of HRP protein was 
observed, hampering the identification of any other materials with the help of this technique.
4.5.2 Aggregation studies
The morphology of the formed assemblies after reconstitution in the presence of GOx 
was determined with TEM. In Figure 4.13, assemblies of various giant amphiphiles with GOX 
included are shown; these experiments suggest that the assembly behavior is not altered by the 
included enzyme.
•Là. *&L
206nm
Figure 4.13: TEM images of (A): polymersomes of PS40-6-HRP with GOx included (B): spherical assemblies
of PMMA120-6-HRP with GOx included.
4.5.3 Cascade reactions
In a series of subsequent experiments, the cascade reaction depicted in Scheme 4.5 
was carried out using the Gox containing giant amphiphile assemblies. In the presence of 
molecular oxygen, GOx catalyses the oxidation of p-D-glucose into D-glucono-1, 5-lactone 
producing hydrogen peroxide as a by-product. The latter can then take part as a reagent in the 
catalytic action of HRP providing a two enzyme cascade reaction.
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2ABTS + H20 2 --------------►  2ABTS + 2H20
Scheme 4.5: Cascade reaction involving Gox and HRP.
Conditions that were employed are summarized in Table 4.4.
Table 4.4: Experimental conditions for the cascade reactions involving GOx and HRPa
Experiment Polymer GOx HRP
1 No polymer Free enzyme in 
solution
Not present
2 No polymer Not present Not present
3 No polymer Not present Free enzyme in 
solution
4 HRPZn-6-PS48-6-
PEGii3b
Included Present in 
assemblies
5 PS40-6-HRP Included Present in 
assemblies
6 HRP-6-PMMA120 Included Present in 
assemblies
7 PS40-6-HRP Added after 
reconstitution
Present in 
assemblies
. 20mM PBS, pH7, glucose and ABTS. See chapter 5 for the synthesis of this compound.
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Figure 4.13: Activity curves for the HRP-Gox cascade reactions. The experiment numbers refer to Table
4.4.
As a blank experiment, a mixture of HRP, glucose and ABTS was used (experiment 3). 
In this case a slow conversion of ABTS was observed as concluded from the change in the UV- 
vis spectrum at X = 420 nm, indicating that auto catalysis by HRP occurred. In a second blank 
experiment in which HRP, polymer and Gox were not present no activity was measured 
(experiment 2). Also when Gox was added to this mixture no conversion of ABTS was observed 
(experiment 1). The triblock copolymer HRPZn-6-PS48-6-PEG113 was also used as a blank and 
also in this case no activity was measured (Figure 4.13). Assemblies to which Gox was added 
after reconstitution and subsequently removed by dialysis did not show catalytic activity either. 
In the cases where Gox was included in the aggregates, catalytic activity was observed. Similar 
to HRP, the conversion rates of the cascade reactions were much slower than for free HRP and 
Gox, while also the PMMA assemblies showed higher activity compared to the PS containing 
assemblies. All together, these experiments show that cascade reactions, involving HRP and 
Gox, can be performed with these HRP-polymer giant amphiphiles.
4.5 Conclusions
Different PPIXFe(III)Cl containing super amphiphiles have been successfully 
synthesized reconstituted with both apo-Mb and apo-HRP to yield amphiphiles that contain a 
protein headgroup. These biohybrid macromolecules possessed polystyrene tails of different 
volumes and formed micellar and vesicular aggregates in line with the theory of Israelachvilli, 
although this could not be accurately tested given the low number of examples.11
Catalytic activity of the various HRP containing giant amphiphiles was investigated and, 
similar to earlier results, the assemblies showed a lower activity than the enzyme itself.
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Decreasing the length of the polystyrene tails of the assemblies resulted in an increase of the 
catalytic activity, probably due to better access of the substrate to the active site of the enzyme 
as a result of reduced steric hindrance. Furthermore, when a more polar polymer (PS vs. 
PMMA) was used as the apolar tail, the activity increased even more. Finally, a first step 
towards cascade reactions using assemblies of HRP containing giant amphiphiles and included 
GOx has successfully been made.
4.6 Experimental
General Information
(Benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (py-BOP), 
protoporphyrinIX IX (PPIX), Myoglobin (Mb), Horse Radish Peroxidase (HRP), copper bromide, 
monomethoxypoly ethyleneglycol, styrene, N,N,N’,N’,N’’-pentamethyl-diethylene-triamine 
(PMDETA), 5-pentynoic acid, 1-hydroxybenzotriazole hydrate (HOBt), 1-ethyl-3-(3- 
dimethylaminopropyl)-carbodiimide hydrochloride (EDC.HCl), 2-bromoisobutyryl bromide, 
trimethylsilane azide (TMS-N3), tetrabutylamonium fluoride (TBAF), N,N-diisopropylamine 
(DIPEA) and zinc acetate dihydrate were obtained from Sigma Aldrich. PPIX mono t-butylester 
and {2 -[2 -(2 -amino-ethoxy)-ethoxy]ethyl}-carbamic acid tert butyl ester were synthesized 
according to a literature procedure.67, 69 All syntheses were carried out under argon atmosphere 
and all solvents were distilled prior to use, unless stated otherwise. Materials were stored in the 
dark.
Characterization.
1H NMR spectra and 13C NMR spectra were recorded on a Bruker DPX300 spectrometer 
using tetramethylsilane as an internal standard unless stated otherwise. Absorbance 
measurements were performed on a Varian Cary UV 50 spectrophotometer using a quartz 
cuvette. IR spectra were recorded on an ATI Matson Genesis Series FTIR spectrometer with a 
fitted ATR cell. The wavenumbers (v) are given in cm-1. Molecular weight distributions were 
measured with a Shimadzu Size Exclusion Chromatographer (SEC), equipped with a guard 
column and a PL gel 5 ^m mixed D column (Polymer Laboratories) with differential refractive 
index and UV (X = 254 nm and X = 418 nm) detection using either THF or CHCl3 as an eluent (1 
mL/min at 35°C). In both cases polystyrene standards were used for calibration. Matrix assisted 
laser desorption/ ionization time-of-flight (MALDI-TOF) spectra were measured on a Bruker 
Biflex III spectrometer and samples were prepared from THF solutions using dithranol (20 
mg/mL) as a matrix. ESI-MS measurements were carried out on a JEOL Accu ToF Electro 
Spray. For high accurate mass measurements polyethylene glycol was used as calibrant. Gas 
chromatography (GC) analysis was conducted on a Hewlett/Packard 5890 Series II gas
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chromatograph, equipped with capillary columns (HP1, 25 m * 0.32 m * 0.17 ^m, HP1707, 25 m
* 0.32 m * 0.25 ^m), using flame/ionization detection.
Synthesis 1a
A Schlenk flask loaded with CuBr (344 mg, 2.4 mmol) was purged (3 times) with argon. 
Degassed styrene (10000 mg, 96 mmol) and PMDETA (415 mg, 2.4 mmol) were added. Anisole 
(1 mL) was used as an internal standard. Subsequently t-butyl 2-bromoisobutyrate (532 mg, 2.4 
mmol) was added. The reaction vessel was placed in an oil bath at 90oC. Samples were taken 
at different time intervals to analyze the styrene conversion by gas chromatography (GC). When 
the desired conversion had been reached the reaction mixture was dissolved in 50 mL of 
CH2Cl2, washed with an aqueous 0.065M EDTA solution (3x 50 mL), dried on Na2SO4, 
separated and concentrated in vacuo. The polymer was further purified by precipitation in 
methanol.
1H NMR (300MHz, CDCfe, 22oC, TMS): 5 = 7.30-6.34 (br, -CH2CH(Ph)-), 4.5 (br, 1H, - 
(CH2CH(Ph))n-1CH2CH(Ph)Br), 2.24-0.77 (br, -(CH2CH(Ph))n-1CH2CH(Ph)Br), 1.48 (s, 9H, 
(C H )3CO-), 0.80-0.50 (br, 6 H, -O(C=O)C(CH3)2(CH2CH(Ph))-).
13C NMR (75MHz, CDCfe, 22oC, TMS): 5 = 177.0, 145.4, 127.7-127.3, 79.6, 45.8-43.8, 40.2, 
27.4, 26.2.
MS (GPC) Mn = 2282, PDI =1.09 
Synthesis of 1b
The same conditions were used as described for the synthesis of 1a using 10000mg (96 
mmol) styrene, 332 mg (1.92 mmol) PMDETA, 275 mg (1.92 mmol) CuBr, and 426 mg (1.92 
mmol) t-butyl 2 -bromoisobutyrate.
1H NMR (300MHz, CDCl3, 22oC, TMS): 5 = 7.31-6.31 (br, -CH2CH(Ph)-), 4.5 (br, 1H, - 
(CH2CH(Ph))n-1CH2CH(Ph)Br), 2.20-0.78 (br, -(CH2CH(Ph))n-CH2CH(Ph)Br), 1.48 (s, 9H, 
(C H )3CO-), 0.79-0.50 (br, 6 H, -O(C=O)C(CH)2(CH2CH(Ph))-).
13C NMR (75MHz, CDCfe, 22oC, TMS): 5 = 177.0, 145.3, 127.9-127.4, 79.5, 45.9-43.8, 40.3,
27.8, 26.0.
MS (GPC) Mn = 3119, PDI =1.11
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Synthesis of 2
A Schlenk flask loaded with CuBr (191 mg, 1.33 mmol) was purged (3 times) with argon. 
Degassed methylmetacrylate (10000 mg, 99.9 mmol) and W-(n-propyl)-2-pyridyl(methanimine), 
(394 mg, 2.66 mmol) were added. 60 wt% toluene was used as an internal standard. Finally t- 
butyl 2-bromoisobutyrate (296 mg, 1.33 mmol) was added and the reaction vessel was placed in 
an oil bath at 60oC. Samples were taken at different time intervals to analyze the MMA 
conversion by gas chromatography (GC). When the desired conversion was reached the 
reaction mixture was put over basic alumina column. The product was further purified by 
precipitation in heptane.
1H NMR (300MHz, CDCl3, 22oC, TMS): 5 = 3.62 (br, 
(CH2C(CH3)COOMe)nCH2CBr(CH3)COOMe)), 3.59 (br,
(CH2C(CH3)COOMe)nCH2CBr(CH3)COOMe)), 2.7 (br,
(CH2C(CH3)COOMe)nCH2CBr(CH3)COOMe)) 
(CH2C(CH3)COOMe)nCH2CBr(CH3)COOMe)), 1.48 (s,
3H,
2.1-1.4
9H, -C(CH)3), 1.25-0.84
2H,
(br,
(br,
(CH2C(CH3)COOMe)nCH2CBr(CH3)COOMe) and -C=OC(CH3 )2-).
13C NMR (75MHz, CDCfe, 22oC, TMS): 5 = 177.8, 176.1, 51.3, 44.6, 44.3, 19.1, 13.1.
MS (GPC) Mn = 10386, PDI =1.13
Deprotection of polymer 1a (3a)
The polymer 1a (3.0 g, 1.31 mmol) was dissolved in dichloromethane (120 mL), 
trifluoroacetic acid (22 g, 0.2 mol) was added and the reaction mixture was stirred for 3hrs at 
room temperature. Subsequently, the mixture was evaporated to dryness; the product was 
redissolved in dichloromethane and precipitated by addition of methanol (yield 2.8 g, 89%).
1H NMR (300MHz, CDCl3, 22oC, TMS): 5 = 7.11-6.31 (br, -CH2CH(Ph)-), 4.5 (br, 1H, - 
(CH2CH(Ph))n-1CH2CH(Ph)Br), 2.28-0.78 (br, -(CH2 CH(Ph))n-1CH2CH(Ph)Br), 0.79-0.50 (br, 6 H, 
-O(C=O)C(CH3)2(CH2CH(Ph))-).
Deprotection of polymer 1b (3b)
The same approach was followed as described for the synthesis of 3a with 3.5 g (1.0 
mmol) of 1b and 16 g (0.14 mol) TFA in 80 mL of dichloromethane. Yield = 3.1 g, 8 8 %.
1H NMR (300MHz, CDCh, 22oC, TMS): 5 = 7.21-6.41 (br, -CH2CH(Ph)-), 4.5 (br, 1H, - 
(CH2CH(Ph))n-1CH2CH(Ph)Br), 2.29-0.77 (br, -(CH2 CH(Ph))n-1CH2CH(Ph)Br), 0.79-0.41 (br, 6 H, 
-O(C=O)C(CH3)2(CH2CH(Ph))-).
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Deprotection of polymer 2 (4)
Polymer 2 (2.0 g, 1.9x10"4 mol) was dissolved in dichloromethane 50 mL, trifluoroacetic 
acid (3.42g, 0.03mol) was added and the reaction mixture was stirred for 3h at room 
temperature. Next, the mixture was evaporated to dryness and the product was redissolved in 
dichloromethane and precipitated in heptane (yield 1.9 g, 95%).
1H NMR (S00MHz, CDClS, 22oC, TMS): 5 = S.61 (br, SH,
(CH2C(CHS)COOMe)nCH2CBr(CHS)COOMe)), 
(CH2C(CHS)COOMe)nCH2CBr(CHS)COOMe)), 
(CH2C(CHS)COOMe)nCH2CBr(CHS)COOMe)) 
(CH2C(CHS)COOMe)nCH2CBr(CHS)COOMe)), 
(CH2C(CH3)COOMe)nCH2CBr(CHS)COOMe) and -
S.59 (br, -
2.7 (br, 2H,
2 .1- 1 .4 (br,
1.25-0.84 (br, 
=OC(CH3)2-).
Synthesis of polymer 5a
Polystyrene 3a (2.5 g, 1.2x10-3 mol), {2-[2-(2-amino-ethoxy)-ethoxy]ethyl}-carbamic acid 
tert butyl ester (0.34 g, 1.37x10-3 mol), DIPEA (0.606 g, 4.69x10-3 mol), and pyBOP (0.78 g, 
1.5x10-3 mol) were dissolved in a mixture of THF and DMF (40 mL, 1:1 v/v). The reaction 
mixture was stirred for 16 hrs at room temperature. Subsequently, the solvent was evaporated 
in vacuo and the residue was dissolved in diethyl ether. The organic layer was washed with 
aqueous saturated NaHCO3 solution, water, and aqueous 0.01 N HCl solution, dried over 
Na2SO4 filtrated and evaporated to dryness under reduced pressure. The crude product was 
further purified by column chromatography (silica CH2Cl2/ MeOH 99:1 v/v) yielding the polymer 
as a white solid (2.1 g, 64%).
1H NMR (300MHz, CDCh, 22oC, TMS): 5 = 7.32-6.35 (br, -CH2CH(Ph)-), 5.8 (br, 1H, NH), 5.1 
(br, 1H, NH), 3.81-3.29 (br, 9H, -CH2CH(Ph)Br- and -C H 2OCH2CH2OCH2-), 2.25-0.79 (br, - 
(CH2CH(Ph))n-1CH2CH(Ph)Br), 1.48 (s, 9H, (CH3^CO-), 0.79-0.49 (br, 6 H, - 
O(C=O)C(CH3)2(CH2CH(Ph))-),.
Synthesis of spacer-PS (5b)
The same procedure as described for the synthesis of 5a was used with 2.78 g (9.6x10-4 
mol) of 3b, 0.26 g (1.0x10-3 mol) of {2-[2-(2-amino-ethoxy)-ethyxy]ethyl}-carbamic acid tert butyl 
ester, 0.463 g (3.58x10-3 mol) of DIPEA and 0.598 g of (1.2x10-3 mol) pyBOP in 40 mL of 
THF/toluene 1:1 v/v. Yield = 2.08 g, 60%.
1H NMR (300MHz, CDCh, 22oC, TMS): 5 = 7.31-6.31 (br, -CH2CH(Ph)-), 5.8 (br, 1H, NH), 5.0 
(br, 1H, NH), 3.71-3.29 (br, 9H, -CH2CH(Ph)Br- and -C H 2OCH2CH2OCH2-), 2.28-0.78 (br, -
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(CH2CH(Ph))n-1CH2CH(Ph)Br), 1.48 (s, 9H, (CH^CO-), 0.79-0.50 (br, 6 H, - 
O(C=O)C(CH3)2(CH2CH(Ph))-),.
13C NMR (75MHz, CDCl3, 22oC, TMS): 5 =177.6, 177.3, 72.5, 54.0, 53.9-52.0, 51.4, 44.5, 44.1,
31.2, 22.2, 18.3, 16.1, 13.7.
Synthesis of polymer (6)
Polymer PMMA 4 (2.0 g, 2x10-4 mol)), {2-[2-(2-amino-ethoxy)-ethyxy]ethyl}-carbamic 
acid tert butyl ester (0.054 g, 2.2x10-4 mol), and pyBOP (0.12 g, 2.4x10-4 mol) were dissolved in 
a mixture of THF and DMF (20 mL, 1:1 v/v). DIPEA (0.095 g, 0.7x10-3 mol) was added and the 
reaction mixture was stirred for 16 hrs at room temperature. Subsequently, the solvent was 
evaporated in vacuo and the residue dissolved in dichloromethane. The organic layer was 
washed with aqueous saturated NaHCO3 solution, water, and aqueous 0.01 N HCl solution, 
dried over Na2SO4 filtrated and evaporated to dryness under reduced pressure. The crude 
product was further purified by column chromatography (silica CH2Cl2/ MeOH 9:1 v/v) yielding 
the polymer as a white solid (1.12 g, 55%).
1H NMR (300MHz, CDCl3, 22oC, TMS): 5 = 6.1 (br, 1H, NH), 5.1 (br, 1H, NH), 3.61 (br, 3H, - 
(CH2C(CH3)COOMe)nCH2CBr(CH3)COOMe)), 3.59-3.12 (br, -
(CH2C(CH3)COOMe)nCH2CBr(CH3)COOMe), -NHCH2CH2OCH2CH2OCH2CH2NH-), 2.7 (br, 2H, 
(CH2C(CH3)COOMe)nCH2CBr(CH3)COOMe)) 2.1-1.4 (br,
(CH2C(CH3)COOMe)nCH2CBr(CH3)COOMe)), 1.48 (s, 9H, -C(CH)3), 1.25-0.84 (br, 
(CH2C(CH3)COOMe)nCH2CBr(CH3)COOMe) and -C=OC(CH3 )2-).
13C NMR (75MHz, CDCfe, 22oC, TMS): 5 = 178.4, 178.1, 177.3, 70.7, 54.8, 54.6-53.0, 52.2,
45.3, 32.2, 28.8, 23.1, 16.9, 14.5
Deprotection of polymer (7a)
Polymer 5a (0.3 g, 1.5x10-4 mol) was dissolved in dichloromethane (10 mL) and 
trifluoroacetic acid (2.6 g, 0.0225 mol) was added. Next, the reaction mixture was stirred for 6 
hrs at room temperature, concentrated in vacuo, after which the residue was dissolved in 
chloroform. The organic layer was washed with aqueous 5% NH3 solution, aqueous saturated 
NaCl solution and water, dried over Na2SO4, filtrated and evaporated to dryness to yield the pure 
compound (96%).
1H NMR (300MHz, CDCl3, 22oC, TMS): 5 = 7.32-6.35 (br, -CH2CH(Ph)-), 5.8(br, 1H, NH), 4.5 
(br, 1H, -CH2CH(Ph)Br-), 3.43-3.21 (br, 8 H, -C H 2OCH2CH2OCH2-), 3.24-3.18 (br, 2H, -
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(C=O)NHCH2-), 2.81-2.70 (br, 2H, CH2NH2), 2.28-0.78 (br, -(CH2CH(Ph))n-1 CH2CH(Ph)Br), 1.48 
(s, 9H, (CH3)3CO-), 0.79-0.50 (br, 6 H, -O(C=O)C(CH3)2(CH2CH(Ph))-).
MS (GPC) Mn = 2116, PDI =1.13
Deprotection of 5b (7b)
Same procedure as for the deprotection of 5a is used with 1.8 g (5.5x10-4 mol) of 5b, 9.3 
gram (0.08 mol) TFA in 20 ml dichloromethane. Yield is 95%.
1H NMR (300MHz, CDCh, 22oC, TMS): 5 = 7.31-6.31 (br, -CH2CH(Ph)-), 5.8(br, 1H, NH), 4.5 
(br, 1H, -CH2CH(Ph)Br-), 3.42-3.21 (br, 8 H, -CH 2OCH2CH2OCH2-), 3.20-3.16 (br, 2H, - 
(C=O)NHCH2-), 2.81-2.70 (br, 2H, C ^N H 2), 2.28-0.78 (br, -(CH2CH(Ph))n-1 CH2CH(Ph)Br), 1.48 
(s, 9H, (CH3)3CO-), 0.79-0.50 (br, 6 H, -O(C=O)C(CH)2(CH2CH(Ph))-).
MS (GPC) Mn = 3125, PDI =1.16
Deprotection of 6 (8)
Polymer 6 (750 mg, 0.075 mmol) was dissolved in dichloromethane (50 mL) and 
trifluoroacetic acid (257 mg, 0.0225 mol) was added. Next, the reaction mixture was stirred for 6 
hrs at room temperature, concentrated in vacuo after which the residue was dissolved in 
chloroform. The organic layer was washed with aqueous 5% NH3 solution, aqueous saturated 
NaCl solution and water, dried over Na2SO4, filtrated and evaporated to dryness to yield the pure 
compound (93%).
1H NMR (300MHz, CDCl3, 22oC, TMS): 5 = 6.3 (br, 1H, NH), 3.61 (br, 3H, - 
(CH2C(CH3)COOMe)nCH2CBr(CH3)COOMe)), 3.59 (br, -
(CH2C(CH3)COOMe)nCH2CBr(CH3)COOMe)), 3.5-2.9 (br, 12H, -CH2 CH2 OCH2 CH2 OCH2 CH2 -),
2.7 (br, 2H, (CH2C(CH3)COOMe)nC^CBr(CH3)COOMe)) 2.1-1.4 (br, 
(CH2C(CH3)COOMe)nCH2CBr(CH3)COOMe)), 1.25-0.84 (br,
(CH2C(CH3)COOMe)nCH2CBr(CH3)COOMe) and -C=OC(CH3)2-).
MS (GPC) Mn = 12646, PDI =1.12.
Synthesis of polymer 9a
Polymer 7a (100 mg, 0.05 mmol) was dissolved in 10 mL of a THF/ dmf mixture (1:3 v/v) 
and PPIX t-butyl ester (41.7 mg, 0.068 mmol), pyBOP (38 mg, 0.07 mmol) and DIPEA (32.3 mg, 
0.25 mmol) were added. The reaction mixture was stirred 16 hrs at room temperature after 
which the solution was concentrated in vacuo. The residue was dissolved in chloroform and the
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organic layer was washed with an aqueous saturated NaHCO3 solution, water and an aqueous 
0.01 N HCl solution, dried over anhydrous NaSO4, filtrated and evaporated to dryness. The 
crude product was further purified by silica column chromatography (CHCl3/ MeOH 9:1 v/v) 
yielding the pure product (6 8 %).
1H NMR (300MHz, CDCfe, 22oC, TMS): 5 = 10.1 (m, 4H, CH), 8.2 (m, 2H, CH=CH2), 7.30-6.32 
(br, -CH2CH(Ph)-), 6.2 (m, 2H, CH=CH2), 4.4 (m, 4H, -CH2CH2(C=O)-), 3.7 (m, 12H, CH3), 3.5 
(m, 4H, -CH2CH2(C=O)-), 3.41-3.20 (br, 9H, -CH2CH(Ph)(C=O)- and -CH 2OCH2CH2OCH2-), 
3.21-3.15 (br, 2 H, -(C=O)NHCHr ), 2.27-0.77 (br, -(CH2CH(Ph))n-1CH2CH(Ph)Br), 1.48 (s, 9H, 
C(CH3)3), 0.79-0.50 (br, 6 H, -O(C=O)C(CH3)2(CH2CH(Ph))-).
MS (GPC) Mn = 2934, PDI =1.11
UV-vis (CHC^/MeOH 10:1 v/v) X = 407, 506, 543, 573, 671 
Synthesis of polymer 9b
The following quantities are used: 250 mg of 7b (0.08 mmol), 69 (0.113 mmol) PPX 
mono t-butyl ester, 61 mg (0.12 mmol) pyBOP and 51.7 mg (0.4 mmol) DIPEA in 10 mL 
THF/DMF 1:1 v/v. The same procedure was carried out as for 9a. Yield = 73%.
1H NMR (300MHz, CDCfe, 22oC, TMS): 5 = 10.1 (m, 4H, CH), 8.2 (m, 2H, CH=CH2), 7.31-6.31 
(br, -CH2CH(Ph)-), 6.2 (m, 2H, CH=CH2), 4.3 (m, 4H, -CH2CH2(C=O)-), 3.6 (m, 12H, CH3), 3.5 
(m, 4H, -CH2CH2(C=O)-), 3.42-3.21 (br, 9H, -CH2CH(Ph)(C=O)- and -CH 2OCH2CH2OCH2-),
3.20-3.16 (br, 2 H, -(C=O)NHCHr ), 2.28-0.78 (br, -(CH2CH(Ph))n-CH2CH(Ph)Br), 1.48 (s, 9H, 
C(CH3)3), 0.79-0.50 (br, 6 H, -O(C=O)C(CH)2(CH2CH(Ph))-).
MS (GPC) Mn = 3916, PDI =1.15
UV-vis (CHC^/MeOH 10:1 v/v) X = 406, 506, 542, 576, 670 
Synthesis of PPIX-b-PMMA (10)
Polymer 8 (250 mg, 0.02 mmol) was dissolved in 10 mL of a THF/ DMF mixture (1:3 v/v) 
and protoporphyrin t-butyl ester (21mg, 0.034 mmol) pyBOP (19 mg, 0.04 mmol) and dipea (16 
mg, 0.12 mmol) were added. The reaction mixture was stirred 16 hrs at room temperature and 
subsequently the solution was concentrated in vacuo. The residue was dissolved in chloroform 
and the organic layer was washed with an aqueous saturated NaHCO3 solution, water and an 
aqueous 0.01 N HCl solution, dried over anhydrous NaSO4, filtrated and evaporated to dryness.
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The crude product was further purified by silica column chromatography (CHCl3/ MeOH 9:1 v/v). 
Yield: 240mg, 77%
1H NMR (300MHz, CDCfe, 22oC, TMS): 5 = 10.0 (m, 4H, CH), 8.2 (m, 2H, CH=CH2), 6.2 (m, 2H, 
CH=CH2), 6.3 (br, 1H, NH), 5.5 (br, 1H, NH), 3.61 (br, 3H, - 
(CH2C(CH3)COOMe)nCH2CBr(CH3)COOMe)), 4.3 (m, 4H, -CH2CH2(C=O)-), 3.61 (m, 12H, CH3),
3.59 (br, -(CH2C(CH3)COOMe)nCH2CBr(CH3)COOMe)), 3.5-2.9 (br, 16H, - 
CH2 CH2 OCH2 CH2 OCH2 CH2 -, -CH2CH2(C=O)-), 2.7 (br, 2H,
(CH2C(CH3)COOMe)nCH2 CBr(CH3)COOMe)) 2.1-1.4 (br,
(CH2C(CH3)COOMe)nCH2CBr(CH3)COOMe)), 1.48 (s, 9H, C(CHfe), 1.25-0.84 (br, 
(CH2C(CH3)COOMe)nCH2CBr(CH3)COOMe) and -C=OC(CH3)2-).
MS (GPC) Mn = 13247, PDI =1.12
UV-vis (CHC^/MeOH 10:1 v/v) X = 406, 507, 541, 574, 670 
Deprotection of 9a (11a)
Polymer 9a (70 mg, 0.02 mmol) was dissolved in dichloromethane and TFA (342 mg, 3.0 
mmol) was added. The reaction mixture was stirred for 3 hrs after which it was concentrated in 
vacuo. Next, the polymer was dissolved in dichloromethane and washed with an aqueous 
saturated NaHCO3 solution, an aqueous saturated NaCl solution and water, dried over 
anhydrous Na2SO4, filtrated and evaporated to dryness.
1H NMR (300MHz, CDCl3, 22oC, TMS): 5 = 10.1 (m, 4H, CH), 8.2 (m, 2H, CH=CH2), 7.32-6.31 
(br, -CH2CH(Ph)-), 6.2 (m, 2H, CH=CH2), 4.3 (m, 4H, -CH2CH2(C=O)-), 3.6 (m, 12H, CH3), 3.5 
(m, 4H, -CH2CH2(C=O)-), 3.43-3.24 (br, 9H, -CH2CH(Ph)(C=O)- and -CH 2OCH2CH2OCH2-),
3.20-3.16 (br, 2H, -(C=O)NHCHjr), 2.21-0.78 (br, C H3 CH2CH(CH3)( CH2CH(Ph)n- 
1CHjCH(Ph)(C=O)-), 0.80-0.50 (br, 6 H, CH3CH2CH(CH3)(CH2CH(Ph)n(C=O)-).
Deprotection of 9b (11b)
The same procedure as for the synthesis of 11a was carried out with 111 mg (0.03 
mmol) of 9b and 513 mg (4.5 mmol) of TFA in 10 mL of dichloromethane.
1H NMR (300MHz, CDCfe, 22oC, TMS): 5 = 10.1 (m, 4H, CH), 8.2 (m, 2H, CH=CH2), 7.31-6.31 
(br, -CH2CH(Ph)-), 6.2 (m, 2H, CH=CH2), 4.3 (m, 4H, -CH2CH2(C=O)-), 3.6 (m, 12H, CH3), 3.5 
(m, 4H, -CH2CH2(C=O)-), 3.42-3.21 (br, 9H, -CH2CH(Ph)(C=O)- and -CH 2OCH2CH2OCH2-),
3.20-3.16 (br, 2H, -(C=O)NHCH2-), 2.20-0.78 (br, C H3 CH2CH(CH3)( CH2CH(Ph)n- 
1CHjCH(Ph)(C=O)-), 0.79-0.50 (br, 6 H, CH3CH2CH(CH3)(CH2CH(Ph)n(C=O)-).
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Deprotection of PMMA-b-PPIX (12)
Polymer 10 (100mg, 0.008mmol) was dissolved in dichloromethane and TFA (135mg, 
1.19mmol) was added. The reaction mixture was stirred for 3 hrs after which it was 
concentrated in vacuo. The polymer was dissolved in dichloromethane, washed with an 
aqueous saturated NaHCO3 solution, an aqueous saturated NaCl solution and water, dried over 
anhydrous Na2SO4, filtrated and evaporated to dryness.
1H NMR (300MHz, CDCl3, 22oC, TMS): 5 = 10.0 (m, 4H, CH), 8.2 (m, 2H, CH=CH2), 6.2 (m, 2H, 
CH=CH2), 6.3 (br, 1H, NH), 5.5 (br, 1H, NH), 3.61 (br, 3H, - 
(CH2C(CH3)COOMe)nCH2CBr(CH3)COOMe)), 4.3 (m, 4H, -CH2CH2(C=O)-), 3.61 (m, 12H, CH3),
3.59 (br, -(CH2C(CH3)COOMe)nCH2CBr(CH3)COOMe)), 3.5-2.9 (br, 16H, - 
CH2 CH2 OCH2 CH2 OCH2 CH2 -, -CH2CH2(C=O)-), 2.7 (br, 2H,
(CH2C(CH3)COOMe)nCH2CBr(CH3)COOMe)) 2.1-1.4 (br,
(CH2 C(CH3)COOMe)nCH2CBr(CH3)COOMe)), 1.25-0.84 (br,
(CH2C(CH3 )COOMe)nCH2CBr(CH3)COOMe) and -C=OC(CH3 )2-).
Synthesis of PPXFe(III)Cl-b-PS (13a)
Polymer 11a (12 mg, 4x 10-3 mmol) was dissolved in a mixture of THF and DMF (10 mL, 
1:3 v/v) and subsequently iron(II)chloride tetra hydrate (8 mg, 4x10-2 mmol) was added. The 
reaction mixture was stirred at 65oC overnight. After UV-vis spectroscopy had shown that the 
reaction was finished, air was bubbled through the solution for 15 min. Subsequently, the 
mixture was evaporated to dryness. The crude product was redissolved in chloroform and the 
organic layer was washed with an aqueous 0.001 N HCl solution until the water layer was 
colorless. Next the mixture was washed with an aqueous saturated NaCl solution and water. 
The organic layer was dried over anhydrous Na2SO4, filtrated and evaporated to dryness. The 
crude product was further purified by silica column chromatography (eluent MeOH/ CHCl3 1:9 
v/v). Yield 5 mg, 41%
UV-vis (CHC^/MeOH 10:1 v/v) X = 400, 543, 640.
Synthesis of PPXFe(III)Cl-b-PS (13b)
Same procedure as described for 13a was followed with 24 mg (6.1x 10-3 mmol) of 
polymer 11b and 13.2 mg (6.7x10-2 mmol) of iron(II) chloride tetra hydrate. Yield 15 mg (60%).
UV-vis (CHC^/MeOH 10:1 v/v) X = 400, 542, 641.
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Synthesis of PPIXFe(III)Cl-b-PMMA (14)
Polymer 12 (27 mg, 1.5x10-3 mmol) was dissolved in a mixture of THF and DMF (10 mL, 
1:3 v/v) and subsequently iron(II) chloride tetra hydrate (2.8 mg, 1.5x10-3 mmol) was added and 
the reaction mixture was stirred at 65oC overnight. As soon as UV-vis spectroscopy had shown 
that the reaction was finished, air was bubbled through the solution for 15 minutes. 
Subsequently the mixture was evaporated to dryness. The crude product was redissolved in 
chloroform and the organic layer was washed with an aqueous 0.001 N HCl solution until the 
water layer was colorless. Thereafter, the organic layer was washed with an aqueous saturated 
NaCl solution and water. The organic layer was dried over anhydrous Na2SO4, filtrated and 
evaporated to dryness. The crude product was further purified by silica column chromatography 
(eluent MeOH/ CHCl3 1:9 v/v) followed by chromatography using a size exclusion column 
(biobeads, THF). Yield: 11mg, 58%
UV-vis (CHC^/MeOH 10:1 v/v) X = 399, 491, 598
Synthesis of 2-[2-(2-Amino-ethoxy)-ethoxy]ethyl}-carbamic acid t-butyl ester
2-[2-(2-Amino-ethoxy)-ethoxy]ethyl}-carbamic acid t-butyl ester (250 mg, 1.008 mmol) 
was dissolved in 10 mL of dichloromethane. Subsequently Et3N (112 mg, 1.1088 mmol) was 
added and the reaction mixture is cooled to 0oC. A solution of 2-bromo isobutyryl acid (232 mg, 
1.008mmol) in dichloromethane was added drop-wise and the solution was allowed to come to 
room temperature. After 5 hours the reaction was finished and the organic layer was washed 
with saturated NaHCO3 solution and water, dried over anhydrous sodium sulfate, filtrated and 
concentrated in vacuo. The compound was further purified using column chromatography 
(silica, eluent CHCl3/MeOH 9:1 v/v) yielding a yellow oil (87%, 349mg).
1H NMR (300 MHz, CDCh, 22oC, TMS): 5 = 6.16 (br, 1H; NH;), 5.28 (br, 1H; NH), 3.59 (s, 4H; - 
OCH2CH2O-), 3.54 (m, 4H; (C=O)NHCH2CH2OCH2CH2OCH2CH2NH(C=O)), 3.47 (m, 2H; 
O(C=O)NHCH2), 3.32 (m, 2H; OCH2CH2NH(C=O)-), 1.91 (s, 6 H; C(CH3)2), 1.44 (s, 9H; C (C H )3) 
ppm.
Deprotection of 2-[2-(2-Amino-ethoxy)-ethoxy]ethyl}-carbamic acid t-butyl ester (16)
2-[2-(2-Amino-ethoxy)-ethoxy]ethyl}-carbamic acid t-butyl ester (100 mg, 0.25 mmol) 
was dissolved in dichloromethane and TFA (413 mg, 37.5 mmol) was added. The reaction 
mixture was stirred for 3 hrs. After thin layer chromatography had shown that the reaction was 
finished the solvent was removed in vacuo. The crude product was redissolved in 
dichloromethane and the organic layer was washed with an aqueous saturated NaHCO3 
solution, sodium chloride solution and water, dried over anhydrous sodium sulfate, filtrated and 
concentrated in vacuo yielding the product as slightly yellowish oil.
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1H NMR (300 MHz, CDCl3, 22oC, TMS): 5 = 6.16 (br, 1H; NH;), 5.28 (br, 1H; NH), 3.59 (s, 4H; - 
OCH2CH2O-), 3.54 (m, 4H; (C=O)NHCH2CH2OCH2CH2OCH2CH2NH(C=O)), 3.47 (m, 2H; 
O(C=O)NHCH2), 3.32 (m, 2H; OCH2CH2NH(C=O)-), 1.91 (s, 6 H; C(CHfe).
Synthesis of the ATRP initiator of protoporphyrin IX (17)
Protoporphyrin monoethylester (49.5 mg, 0.0845 mmol) was dissolved in 10 mL of dry 
dimethyl formamide and subsequently diisopropylamine (103.7 mg, 0.802 mmol), pyBOP (49.5 
mg, 1.125 equiv) and 16 (30.3 mg, 0.0739 mmol) were added. The reaction mixture was stirred 
for 16 hrs after which the solution was concentrated in vacuo. The crude product was 
redissolved in chloroform and washed with aqueous saturated NaHCO3, water and aqueous 
0.01N HCl solution, dried over sodium sulfate, filtrated and concentrated in vacuo. The crude 
product was further purified by column chromatography (silica, eluent CHCl3/MeOH 9:1 v/v) 
yielding 0.045 mmol of pure compound.
1H NMR (300 MHz, CDCfe, 22oC, TMS): 5 = 10.0 (m, 4H; CH), 8.2 (m, 2H; -CH=CH2), 6.3 (m, 
4H; CH=CH2), 5.5 (br, 1H; NH), 5.0 (br, 1H; NH), 4.3 (m, 4H; CH2CH2(C=O)-), 4.0 (q, 2H, - 
OCH2CH3), 3.6 (4s, 1 2 H; CH3), 3.1 (m, 6 H; CH2CH2(C=O)- and -NHCH2CH2(OCH2CH2)2NH-),
2.7 (m, 2H; -NHCH2CH2(OCH2CH2)2NH-), 2.4 (m, 2H; NH(CH2CH2O)2CH2CH2NH-), 2.2 (m, 2H; 
NHCH2CH2OCH2 CH2OCH2CH2NH-), 2.1 (m, 2H; NH(CH2CH2O)2CH2 CH2NH-), 2.0 (m, 2H; 
NHCH2CH2OCH2CH2OCH2CH2NH-), 1.9 (s, 6 H; -C(CH3)2), 1.0 (t, 3H, -CH2CH3), -3.89 (b, 2H; 
inner proton).
UV Vis (MeOH/CHCl3, 1 :1 0  v/v): X (nm) = 404, 506, 541, 573, 628.
Deprotection of 17
Compound 17 was dissolved in THF (12 mL) and methanol (8.2 mL) and an aqueous 0.5 
N NaOH solution (2.0 mL) were added. The reaction mixture was stirred for 23 hrs. Water (12 
mL) was added and the pH was adjusted to 2 with aqueous 1.0 N HCl solution (4.5 mL) upon 
which the product precipitated. The precipitate was collected by filtration and the residue was 
washed with water and dried. The crude product was purified by column chromatography (silica 
gel, eluent CHCl3/MeOH, 9:1 v/v) yielding pure 18 in quantitative yield.
1H NMR (300 MHz, CDCl3, 22oC, TMS): 5 = 10.1 (m, 4H; CH), 8.12 (m, 2H; -CH=CH2),
6.3 (m, 4H; CH=CH2), 5.6 (br, 1H; NH), 5.1 (br, 1H; NH), 4.3 (m, 4H; CH2CH2(C=O)-), 3.6 (4s, 
12H; CH3), 3.1 (m, 6 H; CH2CH2(C=O)- and -NHCH2CH2(OCH2CH2)2NH-), 2.6 (m, 2H; - 
NHCH2CH2 (OCH2CH2)2NH-), 2.4 (m, 2H; NH(CH2CH2O)2CH2CH2 NH-), 2.3 (m, 2H;
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NHCH2CH2OCH2CH2OCH2CH2NH-), 2.1 (m, 2H; NH(CH2CH2O)2CH2CH2NH-), 2.0 (m, 2H; 
NHCH2CH2OCH2CH2OCH2CH2NH-), 1.9 (s, 6 H; -C(CH3)2), -3.89 (b, 2H; inner proton).
UV Vis (MeOH/CHCl3, 1:10 v/v): X (nm) = 405, 505, 541, 573, 628.
Reconstitution experiments
Reconstitutions were carried out at 22oC by injecting 1.0 mL of a THF solution of the 
modified cofactor (4.4x10-5 mmol) into 10 mL of an aqueous phosphate buffered solution in a 
glass vial (20mM, pH 7.5) containing a 2.5 fold excess of the apo enzyme (1.1 x10-4 mmol). The 
solutions were stirred vigorously for 4 days. The excess of apo-enzyme was removed using a 
100kda dialysis bag which allows the enzyme (18kDa and 44kDa for Mb and HRP respectively) 
and the cofactors to pass, while retaining any aggregates formed by the modified enzymes.
Electrophoresis migration shift essay.
SDS-page was performed using 0.75 mm thick slab gels. No stacking gels were used. 
Separating gels contained 10% acrylamide, 0.27% bis-acrylamide and 1% SDS in 1.5 Tris-HCl 
(pH 8 .8 ) An aqueous 0.1% SDS, 25mM Tris-HCl, 192 mM glycine (pH = 8.3) solution was used 
as the migration buffer. Gels were stained with Coomassie brilliant blue. PAGE was performed 
using 0.75 mm thick slab gels. No stacking gels were used.70 Separating gels contained 10% 
acrylamide and 0.27% bis-acrylamide in 1.5 Tris-HCl (pH = 8 .8). An aqueous 25mM Tris-HCl, 
192 mM glycine (pH 8.3) solution was used as the migration buffer. Gels were stained with 
Coomassie brilliant blue.
TEM experiments
TEM images were obtained using a JEOL JEM 1010 microscope (60 kV) equipped with 
a CCD camera. Samples were prepared by placing a carbon-coated copper grid on top of a 
droplet of aggregate solution. After 1 min. the excess of water was removed using a filter-paper. 
Subsequently, the grids were dried under air. The samples were not stained.
SEM experiments
SEM was performed with a JEOL JSM-6330F instrument using the same samples as 
prepared for TEM. Before measurement a 1.5 nm layer of Pd/Au was sputtered on the grids with 
the help of a Cressington 208 HR sputter coater fitted with a Cressington layer thickness 
controller.
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Enzymatic activity measurements using HRP
HRP enzymatic activities were measured using an ABTS/H2O2 assay. To a solution of 
ABTS (400 ^L, 2.3x10-5 mM) an aqueous H2O2 solution (12 ^L, 0.07%) was added. 
Subsequently, 10 ^L of the respective reconstitution mixture was brought to room temperature 
and added to the ABTS/H2O2 mixture upon which the enzymatic activity was immediately 
monitored for 25 min. using UV-vis spectroscopy (X = 420 nm). The enzymatic activity of apo- 
HRP and HRP were taken as references.
To study the catalytic activity of the modified cofactors in aqueous solution in the 
absence of apo-HRP 10 mL of a THF solution of the cofactor was injected into 10 mL of an 
aqueous phosphate buffered solution. The modified cofactors did not show any catalytic activity 
as was concluded from the ABTS/H2O2 assay.
Inclusion of GOX
Reconstitutions were carried out at 22oC by injecting 1.0 mL of a THF solution of the 
modified cofactor (4.4x10-5 mmol) into 10 mL of an aqueous phosphate buffered solution 
(20mM, pH 7.5) containing GOx in a glass vial. The phosphate buffered solutions contained a 
2.5 fold excess of the HRP apo enzyme (1.1 x 10-4 mmol). Gox concentrations were varied, see 
table 4.3 in the text. The solutions were stirred vigorously for 4 days. The excess of HRP apo- 
enzyme and Gox was removed using 300Kda dialysis bags which allowed the enzymes and the 
cofactors to pass, while retaining any aggregates formed by the modified enzymes. The dialysis 
was carried out at pH 7.0.
Cascade Reactions
To a solution of HRP polymersomes that contained Gox (volume was 10 uL) a solution 
of glucose (162 ^L, 1.1M), ABTS (57 ^L, 1.8mM), in a phosphate buffer, pH 7, 20mM (771 ^L) 
was added. The course of the reaction was followed by UV-vis spectroscopy (X = 420nm).
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Synthesis of Biohybrid Triblock Copolymers
5.1 Introduction
In Chapter 4 the synthesis and self assembly behavior of Mb and HRP containing giant 
amphiphiles is discussed. These amphiphilic biohybrid diblock copolymers showed differences 
in self-assembly behavior when the length and type of the apolar polymeric tail were varied. The 
formation of the various types of assemblies was found to be in reasonable agreement with the 
aggregation behavior of low molecular weight amphiphiles and polymeric super-amphiphiles.1, 2 
In this chapter this study is extended to the self-assembly of amphiphilic biohybrid triblock 
copolymers.
Recently, asymmetrical assemblies of amphiphilic block copolymers, which resemble the 
bilayer architectures of cell membrane, have been constructed. In these natural systems there is 
a difference in composition between the inside and the outside of the bilayer membrane. In an 
attempt to mimic this, Eisenberg et al. have investigated the self-assembly behavior of a mixture 
of PS300-b-PAA11 and PS310-b-P4VP33 (PAA = polyacrylic acid, P4VP = poly-4-vinylpyridine). 3 
These block copolymers were found to generate vesicles in which the polystyrene blocks 
formed the middle core of the resulted aggregates. The shorter PAA blocks were present on the 
inside and the longer P4VP block on the outside of the vesicles. Following upon this work, 
Eisenberg et al. also synthesized the amphiphilic triblock copolymer PAA26-b-PS890-b-P4VP40.4 
This triblock copolymer produced vesicular assemblies in which either the PAA or the P4VP 
block was present on the outside of the aggregates depending on the pH of the solvent.
Only a few other examples of amphiphilic tri block copolymers have been reported, i.e. 
ABC and ABA triblock copolymers in which A, B, and C are different polymer segments 5 6 7  8 9 
10 These compounds were found to self-assemble into a large variety of architectures of which 
some had not been observed before. For example, Wooley et al. synthesized a polyacrylic acid- 
b-polymethylacrylate-b-polystyrene triblock copolymer, which initially self-assembled into 
micellar structures in THF-water mixtures. Upon evaporation of the THF, toroid-like structures 
were formed. The size and stability of the latter assemblies could be influenced by changing the 
valency and concentration of the counter ions.11
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Little research has been carried out on ABA and ABC triblock copolymers containing a 
biomacromolecular segment. Smeenk et al. described biohybrid ABA block copolymers, 
consisting of a protein block (B) with on both sides a polyethylene glycol block (A) .12 These 
biohybrid macromolecules formed well-defined fibers both in solution and on a surface
To our knowledge, amphiphilic biohybrid macromolecules consisting of three different 
blocks, of which one of the blocks is an enzyme, have not been studied yet. It is therefore of 
interest, to investigate if incorporation of such a (functional) biomacromolecule will lead to self­
assembled architectures of a similar complexity as observed for synthetic triblock copolymers.
13, 14 In this chapter the synthesis of amphiphilic biohybrid triblock copolymers containing Mb or 
HRP as a segment will be described. Detailed studies of the self assembly behavior of these 
new giant amphiphiles will be discussed in Chapter 6 .
5.2 Synthesis
In order to construct a biohybrid triblock copolymer that contains Mb or HRP, the 
cofactor, protoporphyrinIX (PPIX), must be coupled to a block copolymer provided with a 
functional group (see Chapter 4). The number of functionalized block copolymers reported in the 
literature is significantly smaller than the number of functionalized homopolymers.
Two routes are possible to provide a block copolymer with PPIX. Since a polar spacer is 
needed to maintain the catalytic activity of the enzyme, which is reconstituted with PPIX, this 
spacer can be either directly attached to PPIX and subsequently linked to the block copolymer 
or coupled to the block copolymer (see Scheme 5.1). We have chosen to follow the first route in 
the present studies.
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Scheme 5.1: Proposed synthetic route to a diblock copolymer functionalized with PPIX. Route 1: the polar 
spacer is first coupled to the PPIX after which a block copolymer can be attached. In the second route the 
block copolymer, which is functionalized with a polar spacer is directly coupled to PPIX.
The block copolymer polystyrene-6-polyethylene glycol (PSm-£>-PEGn) was chosen 
because it is known that this macromolecule, depending on the ratio between the two different 
blocks, can phase separate into various structures.15 Another advantage of this block copolymer 
is that the PEG block makes the polymer more water soluble, facilitating the reconstitution with 
the apo-enzyme.
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2c: n=113 and m=144 3c: n=113 and m=144
Scheme 5.2: Synthesis of functional PSm-6-PEGn block copolymers. (a): bromo isobutyryl bromide, Et3N,
CH2CI2 0oC ^  RT, o.n., (b): styrene, CuBr, PMDETA, 90oC, (c): TMS-N3, TBAF, THF, overnight.
Polyethylene glycol mono ethyl ether was reacted with bromo isobutyryl bromide 
(scheme 5.2) to yield a macro initiator. For this purpose two polymer lengths were chosen, i.e. 
PEG44 and PEGh3. Subsequently, styrene was polymerized with these macro initiators using 
standard conditions, i.e. 90 0C, 1 equiv. of PMDETA and 1 equiv. of CuBr. Anisole was used as 
an internal standard. The initiator/monomer ratio was varied in order to obtain the desired block 
ratios. In the 1H-NMR spectrum of the product a complete shift of the terminal bromine was 
observed and GPC analysis indicated the presence of a single polymer peak. After the ATRP, 
the terminal bromine of the block copolymers was converted into an azide function following a 
literature procedure.16 After work up, a clear shift of the hydrogen atom of the styrene moiety 
next to the end group was observed in the 1H-NMR spectra.
The PPIX was functionalized with an acetylene functionality by first protecting one of its 
carboxylic acid groups with a f-butyl ester function as is described in chapter 4 .17 Subsequently, 
spacer 5 was attached to the free carboxylic acid group as shown below. This spacer was 
synthesized by first coupling Boc anhydride to {2-[2-(2-amino-ethoxy)-ethoxy]ethyl}-carbamic 
acid using literature conditions18, followed by the introduction of the acetylene group using 4- 
pentynoic acid and EDC/ triethylamine. Subsequently, the f-butyl ester was removed by 
treatment with TFA and formic acid.
From studies in the literature it is known that HRP and Mb reconstituted with a heme 
cofactor, in which only one carboxylic acid group is functionalized, display enhanced activities 
compared to enzymes in which the cofactor bears substituents on both carboxylic acid groups 
(see Chapter 4). 19, 20, 21, 22 Because of this is was decided to introduce only one ethylene glycol 
spacer in PPIX. This spacer was needed because it was shown before that reconstitution times 
were shorter and enzyme activities higher when such a spacer is present. These previous 
studies had also revealed that the spacer length should at least be 10  A. 21, 22 Compound 5 was 
connected to mono-protected PPXI using py-BOP, DIPEA in THF/ DMF (1:1 v/v). The product 
(6) was deprotected but not further purified due to solubility problems. Zinc was inserted in the
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modified PPIX using zinc acetate in DMF/THF yielding the acetylene derivative PPIXZn 7. Zinc 
was used as the metal to first show that triblock co-polymers having PPIX, PEG and PS 
segments can be successfully synthesized. Iron is not suitable in this connection because it is 
paramagnetic preventing characterization of the material by nmr spectroscopy. Moreover zinc is 
easy to remove from the porphyrin core under mild conditions allowing it later to be substituted 
by iron or other metals.
Scheme 5.3: Synthesis route to acetylene functionalized PPIXZn. (a): HCl/ EtOAc, (b): py-BOP, DIPEA, 
THF/DMF 1:1 v/v, o.n.; (c): TFA, formic acid, 6h; (d): Zn(OAc)2, THF/DMF 1:3 v/v, o.n.
Finally, the acetylene functionalized PPIX (7) could be linked to the block copolymers by 
a Cu(I) mediated click reaction in THF (see scheme 5.4). Initial attempts using CuSO4/ascorbic 
acid in water/THF mixtures were unsuccessful because of insertion of the copper into the 
porphyrin even though zinc was present in the core of PPIX. Therefore, the strong 
CuBr/PMDETA complex was examined as the catalyst in THF at 35oC. It was assumed that in 
this case the Cu metal is strongly bonded to PMDETA which will prevent Cu insertion in the 
PPIX core. This procedure turned out to be a good choice.23
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Scheme 5.4: Click reaction between PEGn-6-PSm-N3 and PPIXZn functionalized with acetylene using the 
CuBr/ PMDETA complex in THF at 35oC.
GPC studies, monitored both at X = 418 nm and X = 254 nm, the wavelengths where 
PPIX and polystyrene display maximum absorption intensities respectively, showed that PPIXZn 
and the polymer eluted at the same elution time, without notable increase in polydispersity, 
indicating that the blocks were connected in a highly efficient manner (Figure 5.1).
------ Blanc at 254 nm
—  Experiment at 418 nm
-------Experiment at 254nm
------ Blanc at 418 nm
550
Figure 5.1: GPC spectra of the Cu(I) mediated click reaction (“experiment”) depicted in scheme 5.4. As a 
blank, 7 was stirred with 3 without Cu(I). After purification of the polymer, GPC of this blank experiment, 
monitored at X = 418nm and X = 254nm showed that there was absorption at the later wavelength, but not at 
the former, indicating that PPIXZn does not react with the polymer or stick to it.
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Table 5.1: Mn values, PDI and UV-vis absorption data of the synthesized polymers.
Polymer (PEOn-b-PSm Nf Mn
(g/mol)
PDI UV-vis (nm)
3a (PEG44-6 -PS48-N3) 7396 1.07
3b (PEG113-Ò-PS48-N3) 12781 1.08 -
3b (PEG113-Ö-PS144-N3) 20706 1 .1 0 -
8 a (PEG44-6-PS48-PPIXZn) 9292 1 .1 0 418, 543, 583
8 b (PEGn3-&-PS48-&-PPIXZn) 17370 1.06 418, 547, 583
8 c (PEG113-Jb-PSu4-6-PPIXZn) 23896 1.11 418, 546, 583
Values of n and m are based on H NMR integration values. Mn and PDI values are derived from GPC 
measurements using polystyrene standards for calibration.
Differential scanning calometry (DSC) measurements where carried out to investigate if 
the synthesized block copolymers were able to phase separate. In Figure 5.2 the different DSC 
curves for the studied compounds are presented. All block copolymers showed PS glass 
transitions at the same temperature as the reference block copolymer, PS182-b-PEG136-OH, 
indicating that these synthesized block copolymers are able to phase separate.*
Figure 5.2: DSC curves of different PSm-6-PEGn block copolymers. PS182-6-PEG136-OH is a commercially 
available product and was used as a reference compound. Encircled areas indicate the PS glass transition 
(for all polymers Tm = 95 oC).
* Polymer 3a was not studied since this polymer did not show formation of defined aggregates in aqueous solution 
(see paragraph 5.3). This polymer was not used in further studies.
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5.3 Aggregation Behavior
The self assembly behavior of the tri block copolymers was investigated using a similar 
approach as described in Chapter 4. It is known that PEG and PPIXZn blocks are water soluble 
and the PS part not. Aggregation can therefore be expected. Aggregation experiments on 8 , in 
which 100 .^L of a 0.3 mg/mL polymer solution in THF was injected into 1 mL of ultra pure water, 
revealed that the PSm-£>-PEGn block copolymers (3) formed micelles as well as micellar rods 
depending on the length of the two polymeric blocks. Polymer 3a did not give defined 
assemblies. When the PS block length in PSm-6-PEGn was increased, a transition from micelles 
to micellar rods was observed (Figures 5.3A and B). Similar observations have been made 
before in the case of low molecular weight amphiphiles. 24, 25
The triblock copolymers, PPIXZn-6-PSm-6-PEGn were dissolved in THF (0.3 mg/ml) and 
100 .^L of this solution was dispersed in 1 mL of phosphate buffer (20mM, pH 7.5). TEM studies 
showed the formation of assemblies resembling multi-component vesicles (MCV’s) for different 
ratios of PS and PEG blocks (Figure 5.3C).26
Figure 5.3: TEM images of (A): micelles of PEG113-6-PS48-N3, (B): micelles and micellar rods of PEG113-6- 
PS144-N3, (C): aggregates of PPIXZn-6-PS48-^-PEGn3 resembling multi component vesicles (MCV’s). Bars 
represent 200 nm.
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5.4 Conclusions
In this chapter the successful synthesis of diblock copolymers functionalized with PPIX is 
presented. "Click chemistry” was found to be a successful tool to attach the cofactor to the block 
copolymers.
Aggregation studies on the prepared compounds revealed that micellar structures were 
formed on dispersal in water. When the polar PEG part of the block copolymer was increased in 
length a transition from micelles to micellar rods was observed. This phenomenon is similar to 
the transition observed for traditional low molecular weight amphiphiles. The PPIXZn containing 
triblock copolymers yielded so-called multi component vesicles when dispersed in water.
As a proof of principle, in this study only zinc containing PPIX block copolymers were 
synthesized. In the future, the iron containing PPIX derivatives can be prepared by removing the 
zinc after the click reaction, while keeping the ester bond between the PEG and PS block intact, 
followed by iron insertion.
5.5 Experimental
General information
(Benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (py-BOP),
protoporphyrinIX IX (PPIX), copper bromide, monomethoxypoly ethyleneglycol, styrene, 
N,N,N’,N’,N’’-pentamethyl-diethylene-triamine (PMDETA), 5-pentynoic acid, 1- 
hydroxybenzotriazole hydrate (HOBt), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide 
hydrochloride (EDC.HCl), 2-bromoisobutyryl bromide, trimethylsilane azide (TMS-N3), 
tetrabutylamonium fluoride (TBAF), N,N-diisopropylamine (DIPEA) and zinc acetate dihydrate 
were obtained from Sigma Aldrich. PPIX mono t-butylester and {2-[2-(2-amino-ethoxy)- 
ethyxy]ethyl}-carbamic acid tert butyl ester were synthesized according to a literature 
procedure.17, 18 All syntheses were carried out under argon atmosphere and all solvents were 
distilled prior to use, unless stated otherwise. Materials were stored in the dark.
Characterization
1H-NMR spectra and 13C-NMR spectra were recorded on a Bruker DPX300 
spectrometer using tetramethylsilane as an internal standard unless stated otherwise. 
Absorbance measurements were performed on a Varian Cary UV 50 spectrophotometer using a 
quartz cuvette. IR spectra were recorded on an ATI Matson Genesis Series FTIR spectrometer 
with a fitted ATR cell. The wavenumbers (v) are given in cm-1. Molecular weight distributions 
were measured with a Shimadzu Size Exclusion Chromatographer (SEC), equipped with a
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guard column and a PL gel 5 ^m mixed D column (Polymer Laboratories) with differential 
refractive index and UV (X = 254 nm and X = 418 nm) detection using either THF or CHCl3 as an 
eluent (1 mL/min at 35°C). In both cases polystyrene standards were used for calibration. Matrix 
assisted laser desorption/ ionization time-of-flight (MALDI-TOF) spectra were measured on a 
Bruker Biflex III spectrometer and samples were prepared from THF solutions using dithranol 
(20 mg/mL) as a matrix. ESI-MS measurements were carried out on a JEOL Accu ToF Electro 
Spray. For high accurate mass measurements polyethylene glycol was used as calibrant. Gas 
chromatography (GC) analysis was conducted on a Hewlett/Packard 5890 Series II gas 
chromatograph, equipped with capillary columns (HP1, 25 m * 0.32 m * 0.17 ^m, HP1707, 25 m
* 0.32 m * 0.25 ^m), using flame/ionization detection.
Synthesis of compound 4
{2-[2-(2-Amino-ethoxy)-ethoxy]ethyl}-carbamic acid t-butyl ester (0.73 g, 2.94 mmol) and 
5-pentynoic acid (0.31 g, 3.2 mmol) were dissolved in 5 mL of DMF (biotech grade). DIPEA 
(0.55 mL, 3.2 mmol), a solution of HOBt (0.4953 g, 3.2 mmol) in DMF and a solution of 
EDC.HCl (0.632 g, 3.2 mmol) in DMF were subsequently added. The reaction mixture was 
stirred for 16 hrs after which it was concentrated in vacuo. The crude product was redissolved in 
ethyl acetate and the organic layer was washed with a 10  wt% citric acid solution, water, and a 
saturated NaHCO3 solution. The organic layer was separated and dried on anhydrous Na2SO4, 
filtrated and evaporated to dryness to obtain a yellow oil (yield 80%).
1H NMR (300 MHz, CDCl3, 22oC, TMS): 5 = 6.16 (br, 1H; NH;), 5.28 (br, 1H; NH), 3.59 (s, 4H; - 
OCH2CH2O-), 3.54 (m, 4H; (C=O)NHCH2CH2OCH2CH2OCH2CH2NH(C=O)), 3.47 (m, 2H; 
O(C=O)NHCH2), 3.32 (m, 2H; OCH2CH2NH(C=O)-), 2.53 (m, 2H; NHCOCH2), 2.41 (m, 2H; 
CH2CCH), 2.03 (t, 1H; CCH), 1.44 (s, 9H; C(CH)3);
13C-NMR (75 MHz, CDCh, 22oC, TMS): 5 = 170.9, 155.9, 79.9, 70.3, 69.9, 69.3, 40.5, 39.4,
35.4, 28.6, 15.1;
IR (neat, cm-1): v = 3297 (NH), 2923 (CCH), 1652 and 1525 (C=O);
HR-ESI m/z: 351.19093 (M+Na+) (calcd mass for C16H28N2NaO5: 351.19160).
Synthesis of compound 5
Under an argon atmosphere, a solution of HCl in EtOAc (6.1 mL, 12.2 mmol) was added 
to a solution of 4 (0.43 g, 1.31 mmol) in ethyl acetate. After 5 min. the appearance of a solid was 
observed. After completion of the reaction, as was concluded from TLC, the solvent was 
evaporated and the residue dissolved in ethyl acetate after which the mixture was concentrated.
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This procedure was repeated with the following solvents and solvent mixtures: t-butanol, a 
mixture of t-butanol/ dichloromethane (1:1 v/v) and dichloromethane. The solution was 
evaporated to dryness to obtain yellowish oil that was immediately used in the next reaction.
Synthesis of compound 6
PPIX mono t-butyl ester (177 mg, 0.286 mmol) was dissolved in 20 mL of THF/DMF (1:1 
v/v). To this solution py-BOP (167 mg, 0.322 mmol), DIPEA (351 mg, 2.72 mmol) and 5 (82 mg, 
0.251 mmol) were added and the reaction mixture was stirred overnight at room temperature. 
Subsequently, the solvent was evaporated and the crude product was redissolved in 20 mL of 
CHCl3. The organic layer was washed with an aqueous saturated NaHCO3 solution, water and 
an aqueous 0.01 N HCl solution (each 20 mL). The organic layer was dried on Na2SO4, 
separated and evaporated to dryness. The crude product was further purified by column 
chromatography (silica, eluent CHCl3/MeOH 99:1 v/v) and subsequent precipitation in hexane 
(yield 77%).
1H NMR (400 MHz, CDCh, 22oC, TMS): 5 = 10.0 (m, 4H; CH), 8.2 (m, 2H; -CH=CH2), 6.3 (m, 
4H; CH=CH2), 5.5 (br, 1H; NH), 5.0 (br, 1H; NH), 4.3 (m, 4H; CH2CH2(C=O)-), 3.6 (4s, 12H; 
CH3 ), 3.1 (m, 6 H; CH2CH2(C=O)- and -NHCH2CH2(OCH2CH2)2NH-), 2.7 (m, 2H; - 
NHCH2CH2(OCH2CH2)2NH-), 2.4 (m, 2H; NH(CH2CH2O)2CH2CH2NH-), 2.2 (m, 2H; 
NHCH2CH2OCH2CH2OCH2CH2NH-), 2.1 (m, 2H; NH(CH2CH2O)2CH2CH2NH-), 1.9 (m, 4H; 
NHCH2CH2OCH2CH2OCH2CH2NH- and (C=O)CH2CH2CCH), 1.8 (t, 1H; CCH), 1.4 (m, 2H; - 
(C=O)CH2CH2CCH), 1.3 (s, 9H; -C(CH)3), -3.89 (b, 2H; inner proton);
13C-NMR (75 MhZ, CDCh, 22oC, TMS): 5 = 172.6, 172.4, 170.1, 136.6-136.3, 130.4, 97.7-96.3, 
82.9, 80.7, 70.7, 68.7-67.9, 40.1, 39.0, 38.5, 38.3, 35.0, 28.3, 23.1, 22.1, 14.9, 13.0, 12.0;
IR (neat, cm-1): v = 3302 (N-H), 2971 and 2920 (C-H), 1721 (C=O ester ) 1646 and 1541 (C=O, 
amide);
UV/Vis (MeOH/CHCl3, 1:9 v/v): X (nm) = 408, 506, 542, 575, 630;
HR-ESI m/z: 829.460 (MH+) (calcd for C49H61N6O6 : 829.465).
Deprotection of 6
Compound 6 (140 mg, 0.169 mmol) was dissolved in 4 mL of TFA and 2 mL of 99% 
formic acid. After 6 hrs the reaction mixture was concentrated in vacuo. The crude product was 
precipitated in hexane and used without further purification (89 %).
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1H NMR (300 MHz, THF-d8 , 22oC): 5 = 9.94 (m, 4H; CH), 8.21 (m, 2H; -CH=CH2), 6.19 (m, 4H; 
CH=CH2), 4.37 (m, 4H; CH2CH2(C=O)-), 3.36 (4s, 12H; CH3 ), 3.74 (m, 2H; CH2CH2(C=O)NH-), 
3.64(m, 2H; CH2CH2(C=O)O-), 3.10 (m, 2H; -(C=O)NHCH2CH2), 2.74 (m, 2H; - 
(C=O)NHCH2CH2), 2.59 (m, 2H; OCH2CH2NH(C=O)-), 2.34 (m, 2H; OCH2 CH2 O), 2.20 (m, 2H; 
OCH2CH2NH(C=O)-), 2.07 (m, 2H; OCH2CH2O), 2.02 (m, 3H; NHCH2CH2CCH and 
NHCH2CH2CCH), 1.77 (m, 2H: NHCH2CH2CCH);
IR (neat, cm-1): v = 3277 (N-H), 2925 and 2866 (C-H), 1705 (C=O acid), 1650 and 1549 (C=O 
and amide);
MS (MALDI): 772 m/z (calcd. 772).
Synthesis of compound 7
Deprotected compound 6 (100 mg, 0.13 mmol) was dissolved in 16 mL of DMF/THF 3:1 
v/v and zinc acetate dihydrate (287 mg, 1.3 mmol) was added. The reaction mixture was stirred 
overnight at 60oC. After completion of the reaction, as was checked by UV-vis spectroscopy, the 
reaction mixture was concentrated in vacuo. The crude product was dissolved in 20 mL of 
CHCl3 en washed with 20 mL of water (2x). The organic layer was dried on Na2SO4, separated 
and dried in vacuo. The product was purified by column chromatography (silica, eluent 
CHCl3/MeOH 8:1 v/v) and precipitation in hexane (65%).
1H NMR (300 MHz, THF-d8 , 22oC): 5 = 10.11 (m, 4H; CH), 8.48 (m, 2H; -CH=CH2), 7.23 (s, 1H; 
NH ), 6.91 (s, 1H; NH), 6.39 (m, 4H; CH=CH2), 4.43 (m, 4H; CH2CH2(C=O)-), 3.70 (4s, 12H; 
CH3), 3.26 (m, 2H; CH2CH2(C=O)-), 3.03 (m, 6 H; -NHCH2 CH2OCH2 CH2OCH2 CH2 NH-), 2.94 (m, 
2H; -NHCH2CH2OCH2CH2OCH2CH2NH-), 2.74 (m, 2H; -NHCH2CH2OCH2CH2OCH2CH2NH-), 
2.65 (m, 2H; (C=O)CH2CH2CCH) 2.31 (m, 2H, -NHCH2CH2OCH2CH2OCH2CH2NH-), 2.20 (m, 
2H, (C=O)CH2CH2CCH), 2.13 (t, 1H, (C=O)CH2CH2CCH);
13C-NMR (75 MhZ, THF-d8 , 22oC): 5 = 171.0, 169.8, 169.4, 137.0-136.7, 131.7, 98.4-97.7, 84.0,
79.8, 70.1-69.1, 39.6, 39.4, 35.2, 25.9, 23.3, 22.8, 14.8, 12.7, 11.3;
IR (neat, cm-1): v = 3285 (N-H), 2916 and 2858 (C-H), 1705 (C=O acid), 1621 and 1549 (C=O 
and amide);
UV/Vis (MeOH/CHCl3, 1:9 v/v): X (nm) = 418, 546, 583;
HR-ESI m/z: 835.312 (MH+), (calcd for C45H51NaOaZn: 835.316).
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Synthesis of compound 1
Monohydroxy terminated PEG (5 g, 2.3 mmol) was dissolved in 50 mL of CH2Cl2 and
1.03 mL (7.7 mmol) of triethylamine was added. Subsequently 2-bromoisobutyryl bromide (1.72 
mg, 7.5 mmol) was added drop-wise at 0oC. After complete addition, the reaction mixture was 
stirred overnight at room temperature. Subsequently, 40 mL of water was added and the 
organic layer was separated and washed with water (3x), dried on Na2SO4, separated and 
evaporated to dryness. The product was purified by precipitation in Et2O (93%).
1H NMR (300 MHz, CDCl3, 22oC, TMS): 5 = 4.30 (m, 2H; -OCH2CH2 O(C=O)), 3.60 (br, 
CH3O(CH2CH2O)nCH2CH2O(C=O)), 3.43 (s, 3H; CH3O(CH2CH2O)nCH2CH2O(C=O)), 1.95 (s, 
6 H; C(CH3)3);
GPC (CHCl3) Mn = 2198 PDI = 1.05.
Synthesis of compound 2
A Schlenk flask loaded with CuBr (65 mg, 0.45 mmol) and 1 (1000 mg, 0.45 mmol) was 
purged (3 times) with argon. Degassed styrene (2367 mg, 22.7 mmol) and PMDETA (79 mg, 
0.45 mmol) were added. Anisole (0.1 mL) was used as an internal standard. The reaction vessel 
was placed in an oil bath at 90oC. Samples were taken at different time intervals to analyze the 
styrene conversion by gas chromatography (GC). When the desired conversion was reached 
the reaction mixture was dissolved in 50 mL of CH2Cl2, washed with an aqueous 0.065M EDTA 
solution (3x 50 mL), dried on Na2SO4, separated and concentrated in vacuo.
1H NMR (300 MHz, CDCfe, 22oC, TMS): 5 = 7.3-6.2 (br, CH2CH(Ph)-), 4.5 (br, 1H; 
CH2CH(Ph)Br), 3.6 (br, CH3O(CH2CH2O)nCH2CH2O(C=O)-), 3.3 (s, 3H; 
CH3O(CH2CH2O)nCH2CH2O(C=O)-), 2.21-0.78 (br, (C=O)C(CH3)2(CH2CH(Ph)n-1CH2CH(Ph)Br-);
IR (neat, cm-1): v = 2917 and 2850 (C-H), 1722 (C=O ester) 1631 (C=O);
GPC (CHCl3): Mn=7292 g/mol, Mw/Mn = 1.18.
Synthesis of compound 3
The synthesis of this compound was carried out according to a literature procedure 
using PEG-6-PS-b-Br, TMS-N3 and TBAF with THF as a solvent.16
1H NMR (300 MHz, CDCh, 22oC, TMS): 5 = 7.33-6.21 (br, CH2CH(Ph)-), 4.1 (br, 1H; 
CH2CH(Ph)N3), 3.6 (br, CH3O(CH2CH2O)nCH2CH2O(C=O)-), 3.36 (s, 3H;
89
Chapter 5
CH3O(CH2CH2O)nCH2CH2O(C=O)-), 2.51-1.11 (br, -(C=O)C(CH3)2(CH2CH(Ph)n-1CH2CH(Ph)N3), 
0.94 (br, 6 H; -(C=O)C(CH3)2(CH2CH(Ph)n-1CH2CH(Ph)(C=O)-);
IR (neat, cm-1): v = 2917 and 2853 (C-H), 2094 (azide), 1720 (C=O ester), 1601 (C=O);
GPC (CHCl3): Mn = 12781 g/mol, PDI=1.18.
Synthesis of compound 8
A Schlenk reaction flask loaded with CuBr (0.32 mg, 2.27x10-3 mmol), 7 (1.5 mg, 
2.27x10-3 mmol) and polymer 3 (19.7 mg, 2.27x10-3 mmol) was purged (3x) with argon. 
Degassed THF (1 mL) and PMDETA (0.39 mg, 2.27x10-3 mmol) were added via a syringe. The 
reaction flask was placed in an oil bath at 30oC. After completion of the reaction, as was 
checked with Gel Permeation Chromatography (GPC), CH2Cl2 (10 mL) was added and the 
organic layer was washed with an aqueous 0.065 M EDTA-solution (3x 10 mL). The organic 
layer was dried on Na2SO4, separated and evaporated to dryness. The product was purified by 
size exclusion chromatography (biobeads, eluent CH2Cl2) to give the compound in 93% yield.
1H NMR (300 MHz, CDCh, 22oC, TMS): 5 = 10.2 (m, 4H; CH), 8.3 (m, 3H; -CH=CH and triazole 
H), 7.3-6.5 (broad, CH2CH(Ph)-), 6.1 (m, 4H; CH=CH2), 4.4 (m, 4H; CH2CH2(C=O)-), 3.9-3.2 (br, 
CH3 , CH3O(CH2CH2O)nCH2CH2O(C=O)- and CH3O(CH2CH2O)nCH2CH2O(C=O)-), 3.1-2 .6  (br, 
18H; CH2CH2(C=O)-, -NHCH2CH2OCH2CH2OCH2CH2NH-, -(C=O)CH2CH2CCH), 2.20-1.10 (br, - 
(C=O)C(CH3)2(CH2CH(Ph)n-1CH2CH(Ph)(C=O)-, -(C=O)CH2CH2CCH and -(C=O)CH2CH2CCH),
0.94 (broad, 6 H; -(C=O)C(CH3)2(CH2CH(Ph)n-1CH2CH(Ph)-);
IR (neat, cm-1): v = 3296 (N-H), 2917 (C-H), 1631 and 1543 (C=O);
UV/Vis (MeOH/CHCl3, 1:9 v/v): X (nm) = 418, 543, 583;
GPC (CHCl3): Mn = 7396 g/mol, PDI= 1.07.
To evaluate the click reaction, blank experiments were carried out in the following way: 
The reaction was performed using the same conditions as described for the synthesis of 
compound 8 with the difference that no catalyst was added. After 16 hrs the reaction mixture 
was washed with an aqueous 0.065 M EDTA solution, dried on Na2SO4 and evaporated to 
dryness. The polymer was further purified by size exclusion column chromatography to separate 
free PPIX from the polymer.
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TEM experiments
TEM images were obtained using a JEOL JEM 1010 microscope (60 kV) equipped with 
a CCD camera. Samples were prepared by placing a carbon coated copper grid on top of a 
droplet of aggregate solution. After 1 min. the excess of water was removed using a filter-paper. 
Subsequently, the grids were dried under air. The samples were not stained.
SEM experiments
SEM was performed on a JEOL JSM-6330F instrument using the same samples as 
prepared for TEM. Before measurement a 1.5 nm layer of Pd/Au was sputtered on the grids by 
using a Cressington 208 HR sputter coater fitted with a Cressington layer thickness controller.
Differential scanning calometry (DSC) experiments
All DSC measurements were performed on samples of 1-2 mg samples using a Perkin- 
Elmer PYRIS diamond DSC at a scanning rate of 10oC/min. An empty high-purity aluminum pan 
was used in the reference furnace in all DSC measurements, and a baseline correction curve 
determined with empty furnaces was subtracted from all thermograms. Two heating cycles from 
-30 to 150 and back to -30oC were performed. PS182-£>-PEG136-OH was purchased from Polymer 
Source and was used as a reference compound.
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Chapter 6
Self-assembly Behavior of Biohybrid Triblock 
Copolymers
6.1 Introduction
Only a few examples of biohybrid triblock copolymers with a biomolecule as polymeric 
block have been reported in the literature. ABA block copolymers with polyamino acids as 
segments have been described by Rosler et al. 1 They synthesized biohybrid tri block 
copolymers whit PEO blocks situated on both ends of the peptide blocks. The compound 
formed well-defined beta sheets.
Another example has been given by Becker et al. They synthesized a peptide (the 
antibacterial peptide tritrpticin) on a solid support and functionalized this peptide with an ATRP 
initiator or a nitroxide mediated radical polymerization (NMRP) initiator. Subsequently the 
polymer was grown on the resin. The prepared polymer formed small micelles, which were 
studied in vitro with respect to their biological properties. 2
To our knowledge no examples of ABA or ABC triblock copolymers in which one block is 
a protein have been reported. It was reasoned that the use of an enzyme as a hydrophilic 
segment in ABA or ABC amphiphilic triblock copolymers might result in catalytically active 
macromolecules that can self-assemble in water to yield various complex structures. In this 
chapter the preparation of biohybrid ABC triblock copolymers containing Mb or HRP as a bio­
block are discussed. These so-called giant amphiphiles are prepared using the reconstitution 
method discussed in Chapter 4. Instead of the sensitive PPIXFe(III)Cl cofactor, which is also 
difficult to obtain we decided to use the PPIXZn derivative in the synthesis of these biohybrid 
compounds.
93
Chapter 6
6.2 Reconstitution
Reconstitution experiments were carried out with both apo-Mb and apo-HRP and 
different PPIXZn-b-PSm-b-PEG1 13 triblock copolymers (see Table 6.1 and Figure 6.1). It is 
known that apart from PPIXFe(III)Cl (heme) also PPIXZn can be reconstituted with Mb.3, 4 5 6 7  8 
The PPIXZn constituted proteins do not show catalytic activity but MbZn in contrast to native Mb 
is fluorescent allowing the use of fluorescence spectroscopy, which is a more sensitive method 
than UV-vis spectroscopy, to monitor the progress of the reaction. The cofactor PPIXZn, 
however, has not been reconstituted with apo-HRP before. To check if reconstitution of PPIXZn 
with apo-HRP is possible, unfunctionalized PPIXZn (Xmax = 420 nm in phosphate buffer, pH 7.5) 
was treated with the apo-enzyme using the same procedure as followed for the preparation of 
the giant amphiphiles. After dialysis, using 3kD tubing to remove unreconstituted PPIXZn, an 
absorption maximum at X = 416 nm was observed. Excitation at X = 547 nm gave rise to 
emission maxima at X = 590 and X = 630 nm. Both observations point to a successful 
reconstitution of PPIXZn in the apo-HRP.
Figure 6.1: Schematic representation of the reconstitution method. In the first step the cofactor is removed 
by extraction at pH=2. In the second step the modified cofactor is added at pH=7.5 to obtain the giant 
amphiphile.20
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Table 6.1: Amphiphilic triblock copolymers reconstituted with apo-Mb and apo-HRP.
Apo protein Polymer Triblock copolymer
Apo-Mb PPIXZn-b-PS48-b-PEGii3
(8 b)a
MbZn-b-PS48-b-PEG113
Apo-Mb PPIXZn-b-PSm-b-PEGm
(8 c)a
MbZn-b-PS144-b-PEG113
Apo-HRP PPIXZn-b-PS48-b-PEGii3
(8 b)a
HRPZn-b-PS48-b-
PEG113
Apo-HRP PPIXZn-b-PSm-b-PEGm
(8 c)a
HRPZn-b-PSm-b-
PEG113
a See Chapter 5.
The reconstitution of the polymers PPIXZn-6-PSm-£>-PEG113 with the apo-protein was 
carried out as described by Boerakker et al. using slightly different conditions. 9 10 Instead of 
stirring the mixture of polymer and apo-enzyme in a glass vial, the reconstitution mixture was 
gently shaken in a plastic tube. This prevents absorption of the protein to the glass wall, 
reducing the chance of denaturation. Earlier experiments had revealed that upon reconstitution 
of PS-6-PPIX with apo-protein firm stirring was needed, otherwise the polymer would precipitate 
from solution and reconstitution would not occur (see Chapter 4). During the process of 
reconstitution with the apo-enzyme, stable aggregates are gradually obtained. In the case of 
PPIXZn-£>-PSm-£>-PEGn, the PEG part is water soluble and as a consequence, no stirring is 
needed and the triblock copolymer will stay in solution. After four days of incubation, the 
reaction mixture was dialyzed against a phosphate buffer (20mM, pH7.5) using 100kDa dialysis 
tubing to allow the apo-enzymes and non-reconstituted polymers to pass the membrane while 
the aggregates of amphiphilic triblock copolymers remain inside.
UV-vis spectra of the Mb containing macromolecules are shown in Figure 6.2. After 
reconstitution with apo-Mb and purification a shift of 6 nm was observed with respect to 8 b and 
8 c (see Chapter 5 for structure information), namely from X = 420 nm to X = 426 nm. This latter 
value is near the maximum absorption observed for MbZn.11, 12 Excitation of the suspension at X 
= 553 nm caused an emission at X = 593 nm, which is in agreement with literature data for 
MbZn.12 Usually a second emission band is observed for this compound, however, this signal 
was not found in the present case due to scattering of the light by the suspension.
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Figure 6.2: UV-vis spectra of (A): Mb with Xmax = 409 nm, (B): PPIXZn-6-PS48-6-PEG113 (8b) with Xmax = 420 
nm and (C): MbZn-6-PS48-PEGn3 with Xmax = 426 nm. All spectra were recorded in a pH=7.5 20mM 
phosphate buffer. The UV-vis spectra of 8c and MbZn-b-PS144-6-PEG113 were identical to those of Figure 
6.2B and 6.2C, respectively.
When the polymers 8 b and 8 c were reconstituted with apo-HRP a small shift of 4nm was 
observed after purification, viz. from X = 420nm to X = 416nm, which is in agreement with the 
results described above for the reconstitution of PPIXZn (Figure 6.3). Fluorescence experiments 
were also in agreement with the reference compound; excitation at X= 547 nm gave an 
emission at X= 590 nm.
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Figure 6.3: UV-vis spectra of A: HRP with Xmax = 401 nm, B: PPIXZn-b-PS48-6-PEGn3 (8b) with Xmax = 420 
nm, C: Blanc, i.e. HRPZn with Xmax = 416 nm and D: HRPZn-b-PS48-b-PEGn3 with Xmax = 416 nm. All 
spectra were recorded in a pH=7.5 20mM phosphate buffer. The UV-vis spectra of 8c and HRPZn-b-PSu4- 
b-PEGn3 were identical to those shown in Figure 6.3B and 6.3D, respectively.
An electrophoresis migration-shift essay was carried out as final proof of the synthesis 
and purity of the amphiphilic ABC triblock copolymers (Figure 6.4 and 6.5 and Table 6.2). Using 
sodium docecyl sulfonate polyacryl amide gel electrophoresis (SDS PAGE), the proteins were 
completely denaturated and the interaction between the cofactor and the enzyme is lost. In all 
cases a band, corresponding to the mass of Mb or HRP, was observed for both the native 
proteins and the giant amphiphiles, which is expected, since the polymers are no longer 
coordinated to the proteins after the denaturation step. With PAGE electrophoreses (i.e. using 
non-denaturating conditions), proteins can be separated on the basis of their three dimensional 
structures. The protein-cofactor interaction remains intact and a difference is therefore expected 
between the native protein and the biohybrid macromolecule. Bands corresponding to the 
different proteins were found to migrate in the electrophoresis, whereas in line with earlier 
observations, the giant amphiphiles were too big to penetrate into the gel10, 11 The absence of 
protein in the latter lanes furthermore indicated that all HRP and Mb was conjugated to the block 
copolymer, which in combination with the spectroscopic data points to the successful formation 
of the giant triblock copolymers.
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Figure 6.4: Left picture: SDS PAGE of HRP containing hybrids with M: marker, 1: HRP, 2: apo-HRP, 3: empty, 4 
HRPZn-ib-PS48-6-PEG113, not pure, 5: HRPZn-6-PS48-6-PEGn3 and 6: HRPZn-ib-PSm-Jb-PEGm. Right picture 
PAGE of HRP containing hybrids with M: marker, 1: HRP, 2: apo-HRP, 3: empty, 4: HRPZn-6-PS48-6-PEGn3 and 5
HRPZn-ib-PSm-Jb-PEGm.
Figure 6.5: Left picture: SDS PAGE of Mb containing hybrids with M: marker, 1: Mb, 2: apo-Mb, 3: empty, 4 and 5: 
MbZn-6-PS48-^-PEGn3, 6: empty and 7 and 8: MbZn-b-PSm-b-PEGm. Right picture: PAGE of Mb containing 
hybrids with M: marker, 1: Mb, 2: apo-Mb, 3: empty, 4 and 5: MbZn-b-PS48-b-PEGn3, 6: empty and 7 and 8: MbZn-b- 
PS144-6-PEG113
Table 6.2: Summary of the gel-electrophoreses studies.
Apo proteins Bioconjugate block 
copolymers
Mb HRP Mb HRP
SDS PAGE visible3 visible3 visiblea visible3
PAGE visible3 visible3 not visible13 not visibleb
a Bands penetrating the gel were observed. No bands penetrating the gel could be observed.
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6.3 Assembly of Biohybrid Triblock Copolymers
To study the aggregation behavior of the different biohybrid triblock copolymers electron 
microscopy (EM) experiments were carried out. After four days of incubation, the giant 
amphiphiles were dialyzed against a phosphate buffer in order to remove apo-protein and THF. 
After dialysis the water content is 100% and the assemblies of the amphiphiles become 
kinetically trapped because of the glassy nature of the PS chains. Transmission electron 
microscopy (TEM) investigations (Figure 6 .6 , left picture) showed that the aggregates of 
HRPZn-b-PS48-b-PEG113 are vesicular in nature and polydisperse in size. These types of 
structures have been reported for synthetic amphiphilic ABA triblock copolymers by Zhu et a/.13 
who suggested that by varying the time of aggregation, i.e. the reconstitution time in our case, 
and the concentration of the triblock copolymers control over the vesicle size can be obtained. 
However, in our case a shorter reconstitution time resulted in a lower yield of the biohybrid 
triblock copolymer and longer reconstitution time led to denaturation of the protein because the 
protein is longer in contact with THF.10, 11 At this moment it is not clear how the different blocks 
of the triblock copolymers are situated inside the vesicles. Likely the polystyrene is in the middle 
of the vesicle membrane but whether the PEG or HRP block is on the outside of the aggregate 
or whether they are mixed, in which case the polystyrene block forms a hairpin, is not known at 
the moment. In the latter case both hydrophilic segments reside at the aggregate surface, 
providing a more curved interface potentially leading to a cylindrical micelle. Comparable 
behavior of ABA triblock copolymers has been well documented in the literature.14 More 
experiments, however, have to be carried out in order to get a detailed picture of the aggregate 
structure.
Increasing the polystyrene length with respect to the PEG block was found to change the 
aggregation behavior significantly (Figure 6 .6 , right picture). Instead of large polydisperse 
vesicular structures, micellar aggregates were observed for HRPZn-b-PS144-b-PEG113. The 
increase in length of the PS segment will also ease the hairpin formation, suggested above. 
There are multiple morphologies present in the electron micrograph presumably because the 
aggregates are kinetically frozen after removal of the co-solvent (i.e. THF). As a consequence of 
this process also so-called intermediate assemblies might be seen by TEM. Under equilibrium 
conditions also co-existing morphologies are possible if the sample would be in the boundary 
regime between single morphology domains of the phase diagram. Whether this is the case, is 
not known.
Among the more common micellar structures such as micellar rods and spherical 
micelles, Y-shaped structures were observed (Figure 6 .6 , right picture). The formation of these 
structures probably results from the collapse of cylindrical micelles both through end-to-end 
connection and by connection to the midsection of a neighboring cylinder (or itself) .15 Arrow 1 in
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Figure 6 .6  indicates where a micellar sphere is connected to a micellar rod, which would support 
this conclusion. The rod to sphere transition, as is postulated by Burke and Eisenberg,16 is an 
alternative mechanism that can explain these observations. Arrow 3 shows that besides micellar 
structures also toroidal structures are formed.
The formation of micellar structures by ABC triblock copolymers has been predicted by 
Wang et al. using the Self Consistent Field Theory (SCFT), however, in this case the hydrophilic 
part of the tri block copolymer was relatively short and the other two blocks were hydrophobic.17 
Detailed studies are currently being carried out in order to see whether the type and number of 
formed aggregates can be tuned.
Figure 6.6 Transmission Electron Microscopy (TEM) pictures of vesicular aggregates of HRPZn-b-PS48-b- 
PEG113 (left) and aggregates of HRPZn-6-PS144-b-PEGn3 (right). Arrows: 1, junction between micelle and 
micellar rod; 2, micelle; 3, toroid; 4, junction between two micellar rods. Bars represent 200 nm.
Micellar structures were also formed by MbZn-b-PS144-b-PEG113 but in this case a larger 
number of other types of aggregates were observed as well (Figure 6.7A, B, D-H), e.g. figure 
eight structures, octopus structures, dumbbells, toroids, etc. Pochan et a/. have also observed a 
large variety of structures in synthetic triblock copolymers, but by varying the conditions they 
could tune the aggregation behavior in such a way that for example only toroid-like aggregates 
were obtained.16 Again, it is postulated that the formation of these aggregates proceeds via the 
mechanisms described above and that the aggregates are kinetically trapped or at the boundary 
of phase regimes.
When the PS part was shortened with respect to the other two blocks, the aggregation 
behavior changed dramatically. Figure 6.7I shows that the triblock copolymer now formed 
spherical aggregates which possessed lamellae-like structures, which have not been observed 
before for polymeric amphiphiles. These structures can also be found in the background of the 
pictures. Energy Dispersive X-ray (EDX) analysis of these aggregates revealed that they were 
mainly made up of C-, N-, H-, based material and that no salt was present which could 
otherwise explain the lamellae-like structures. The assemblies formed by MbZn-b-PS48-b- 
PEG113 were found to be stable in time and could be reproduced using different batches of the 
material. At this moment it is not clear how these aggregates are formed and more research is 
needed in order to obtain insight in the formation mechanism of these assemblies.
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Figure 6.7 Different aggregates of Mb containing giant triblock copolymers. TEM images of aggregates of 
MbZn-6-PSi44-6-PEGii3 with: A, B: toroids, C: schematic figure of a toroid, D: octopi, E: figure eights, F, G, 
H. I: Scanning EM (SEM) aggregates of MbZn-6-PS48-6-PEGii3 that forms spherical aggregates consisting 
of lamellae. Bars represent i00nm for figure 6A-H and 500nm for Figure I .
6.4 Conclusions
New macromolecular architectures, which are the first examples of biohybrid ABC 
triblock copolymers consisting of a protein and a synthetic diblock copolymer, have been 
prepared. With respect to the synthesis of these amphiphilic biohybrid macromolecules a 
strategy combining controlled radical polymerization, "click” chemistry and cofactor 
reconstitution has been used. This allowed the preparation of a variety of triblock copolymers, 
which were found to form complex and unusual nanometer-sized architectures by processes of 
self-organization. The HRP and Mb containing copolymers self assembled into vesicles, micellar 
structures or lamellae containing spheres. From earlier experiments it was known that 
amphiphilic diblock copolymers having a hydrophobic polystyrene segment and a myoglobin or 
HRP headgroup can generate spherical aggregates, presumably vesicles.™’ ii Addition of a third 
(hydrophilic) segment to this biohybrid diblock copolymer apparently significantly changes the 
self-organization behavior of the macromolecular building blocks. The micellar aggregates 
formed by MbZn-6-PSi44-6-PEGii3  and HRPZn-6-PSi44-£>-PEGii3  are not unexpected and have 
been observed before for synthetic ABC triblock copolymers.ii5 The Y-junctions and toroids are 
quite rare and are probably the result of a fusion process involving two micellar rods. The large 
number of different aggregates observed in one sample is unusual and may be explained by the
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fact that the aggregates become kinetically trapped after dialysis because of the glassy nature 
of polystyrene at ambient temperature or it is possible that the samples are at the boundaries of 
co-existing regimes in the block copolymer phase diagram. The precise orientation of the 
different blocks in the formed aggregates is currently under investigation. The present new 
macromolecular architectures open many possibilities for applications, for instance as catalysts 
allowing cascade reactions to be performed if different types of enzymes are attached to the 
block copolymer structures. Work along this line is in progress.
6.5 Experimental
Reconstitution experiments
Reconstitutions were carried out at 220C by injecting 1 mL of a THF solution of the 
modified cofactor (4.4x10-5 mmol/mL) into 10 mL of an aqueous phosphate buffered solution 
(20mM, pH7.5) containing a 2.5 fold excess of the apo-enzyme (1.1 x10-5 mmol/mL). After 4 
days of gently shaking, the excess of apo-enzyme and the individual cofactors were removed by 
dialysis using 100kDa cut-off dialysis tubings.
TEM experiments
TEM images were obtained using a JEOL JEM 1010 microscope (60 kV) equipped with 
a CCD camera. Samples were prepared by placing a carbon-coated copper grid on top of a 
droplet of aggregate solution. After 1 min. the excess of water was removed using a filter-paper. 
Subsequently, the grids were dried under air. The samples were not stained.
SEM experiments
SEM was performed on a JEOL JSM-6330F instrument using the same samples as 
prepared for TEM. Before measurement a 1.5 nm layer of Pd/Au was sputtered on the grids by 
using a Cressington 208 HR sputter coater fitted with a Cressington layer thickness controller.
Electrophoresis migration shift essay.
SDS-page was performed using 0.75 mm thick slab gels. No stacking gels were used. 
Separating gels contained 10% acrylamide, 0.27% bis-acrylamide and 1% SDS in 1.5 Tris-HCl 
(pH 8 .8 ). An aqueous 0.1% SDS, 25mM Tris-HCl, 192 mM glycine (pH8.3) solution was used as 
the migration buffer. Gels were stained with Coomassie brilliant blue. PAGE was performed 
using 0.75 mm thick slab gels. No stacking gels were used.[4] Separating gels contained 10% 
acrylamide and 0.27% bis-acrylamide in 1.5 Tris-HCl (Ph 8 .8). An aqueous 25mM Tris-HCl, 192 
mM glycine (pH 8.3) solution was used as the migration buffer. Gels were stained with 
Coomassie brilliant blue.
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Chapter 7
Ordering of Enzymes on a Surface using Microphase 
Separation
7.1 Introduction
7.1.1 General Introduction
Functional surfaces are currently receiving increased interest in the field of 
nanotechnology. For instance, proteins immobilized on surfaces have been extensively 
investigated because of their importance in drug screening, protein analysis, and medical 
diagnostics, and catalysis.^ 2 3  4 5 Several methods for the immobilization of proteins on 
surfaces have been reported, including photolithography,6, 7  8 9, microcontact printing,™ ^  i2, i3,
i4, i5 electron beam lithography,i6, i7 and certain scanning probe microscopy (SPM) based 
procedures^8, i9, 20, 2i 22, 23, 24 Biomolecular arrays with extremely small features open the door 
for single-particle (protein, virus, and cell) studies in biology.25, 26 Despite the demonstrated 
utility of these approaches, the development of miniaturized protein arrays is still facing 
difficulties, in particular with regard to the fabrication of regularly spaced platforms with a high 
density of proteins, in which the biomacromolecules are in their natural conformations. Methods 
such as ink-jet and pipette deposition, soft and imprint lithography, and micro fluidic channel 
networks allow for a nice ordering of enzymes, however the density of molecules is still lower 
than desired. Array production using alternative methods such as scanning probe-related 
lithographic techniques has the advantage of creating nanometer-scale spatial resolution but the 
practical application of these methods at a large scale is hampered by their time-consuming 
production. Novel protein patterning techniques therefore, are highly desired in order to meet 
the growing demands for a high degree of miniaturization in surface-based biotechnologies. In 
addition, the development of protein arrays of nanoscopic dimensions can facilitate new 
screening techniques and is of fundamental interest with regard to the understanding of 
biomolecular recognition processes. 27, 28
In this chapter, we report on the immobilization of proteins on a surface using 
microphase-separated block copolymer thin films. Microphase separation of block copolymers 
can result in well-defined arrays of lamella or cylinders as a consequence of the immiscibility of 
the constituent polymer blocks (see below). Functionalizing one of the block copolymer
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segments with a specific functional group may allow the protein to bind after the diblock 
copolymer has phase separated on a substrate. This will result, at least in principle, in ordered 
arrays of proteins on a large scale and with a high density of molecules.
In the present case PSm-£>-PEOn block copolymers were used for this purpose since the 
functionalization of these macromolecules is straightforward and PSm-6-PEOn with a functional 
group is commercially available or synthetically easily accessible. The block copolymers will be 
provided with biotin molecule which strongly binds to streptavidin (Sav).
The ordering of enzymes or proteins on a surface by microphase separation was first 
reported by Kumar et a l29 They realized ordering by physical absorption while in this case 
strong directive interactions are used, i.e. the binding between biotin and Sav. The major 
advantage of the latter approach is the increased stability of the protein patterns and the 
potential selectivity that can be introduced by changing the functional handles.
7.1.2 Microphase Separation
The phase behavior of block copolymer melts leading to nanoscale ordered 
morphologies has been reviewed extensively.30, 3i 32, 33 According to the self-consistent field 
theory the phase separation of block copolymer melts can, to a first approximation, be 
represented in a morphology diagram in terms of xN and f (Figure 7 .i).29, 34, 35 Here f is the 
volume fraction of one block of the block copolymer and x is the Flory-Huggins interaction 
parameter, which is inversely proportional to the temperature and reflects the interaction energy 
between the different polymer segments.
The configurational entropy contribution to the Gibbs energy of such a block copolymer 
system is proportional to N, the degree of polymerization. When the product xN exceeds a 
critical value, (xN)ODT = i0  (ODT = order-disorder transition), the block copolymer microphase 
separates into a periodically ordered structure (Figure 7.i). The structures that are formed 
depend on the copolymer architecture and composition. For diblock copolymers, a lamellar 
phase is observed for symmetric diblocks (f = 0.5), whereas more asymmetric diblocks form 
hexagonally packed cylinders or body-centered cubic spherical structures. A complex 
bicontinuous cubic gyroid phase has also been identified for block copolymers between the 
lamellar and hexagonal phases near the ODT. A hexagonal perforated layer phase has been 
found to be metastable in this region.36, 37, 38, 39, 40
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Figure 7.1: Above: different morphologies that can be formed during block copolymer microphase
separation. Below: morphology phase diagram of block copolymers.
For the studies reported here, we used the block copolymer polystyrene-6 -poly ethylene 
oxide (PSm-6-PEOn). Russell and coworkers have shown that in thin films of this block 
copolymer ordered cylindrical patterns are rapidly formed.41 Normally, in the bulk, mechanical 
shear can be used to control the spatial orientation of the domains,42, 43, 44 whereas in thin films, 
electric field45, 46, 47, 48 and controlled interfacial interactions49, 50, 51, 52 have been applied to 
achieve this. It is also possible to trap copolymers in a non-equilibrium state with a desired 
orientation by solvent casting.53, 54, 55, 56, 57 However, these techniques to produce well-ordered 
thin films may be time consuming or there are restrictions on the film thickness. Using PSm-£>- 
PEOn block copolymers, the cylindrical domains are formed rapidly without the need of applying 
any of the techniques described above. Furthermore, annealing is not needed which is 
beneficial in the case of functionalized macromolecules, e.g. to prevent decomposition.
7.1.3 Streptavidin (Sav)
Avidin was first recognized as a biological factor in egg white of birds, reptiles and 
amphibians in the late 1920s during the discovery and isolation of vitamin H (D-biotin).58 Its 
function in the egg is presumably that of an antibiotic protein, inhibiting bacterial growth by 
acting as a biotin scavenger. Biotin itself was recognized as a coenzyme in the carbon dioxide 
transfer in cells.59, 60 Streptavidin is structurally and functionally closely related to avidin and is 
expressed in the bacterium Streptomyces av/din//.61, 62, 63
Sav is a homo-tetrameric protein with a 2-fold symmetry (5.4x5.8x5.8 nm in size) and 
molecular weight of 60 kD. 64, 65, 66 Sav is capable of binding four biotin molecules in a non­
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cooperative way by binding sites that are arranged in pairs at opposed faces of the molecule.64, 
67, 68 The resulting complex has the highest affinity between a protein and a ligand (Ka = 1013)69 
known in Nature. Complex formation is based on a combination of hydrogen bonding, 
electrostatic and hydrophobic interactions.64, 69, 70, 71 The valeric carboxylic acid group of biotin 
does not play a significant role in the binding process and can therefore be modified chemically 
for use in many applications (see also chapter 2 ).69, 72
In contrast to avidin, Sav is non glycosylated, has no sulfur-containing residues and 
most of the basic amino acids that are present in avidin have been replaced by neutral or acidic 
residues. The presence of these sugar moieties and basic amino acids in avidin, results in non­
specific adsorption to nucleic acids and negatively charged cell membranes, which makes 
avidin less suitable for most applications than Sav.
7.2 Synthesis and Characterization
Biotinylated PSm-£>-PEOn block copolymers were synthesized following two different 
routes as depicted in schemes 7.1 and 7.2. In the first route commercially available hydroxyl 
terminated PS182-£>-PEO136-OH was used. From the literature it is known that this polymer forms 
nice, perpendicular cylinders on SiO2, 41 and, furthermore, it has a terminal hydroxyl group that 
can be used for functionalization. To this end, the polymer was reacted with a large excess of 
(+)-biotin-4-nitrophenyl ester in the presence of triethylamine. The reaction was followed by thin 
layer chromatography (TLC) using p-dimethylaminocinnamaldehyde (p-DACA) as an indicator 
for biotin. After 4 days the reaction was completed and the product was purified by extraction 
and size exclusion chromatography. From 1H-NMR spectroscopy it was concluded that the 
obtained polymer 1 contained 80% biotin. The similarity in molecular weight and polarity of both 
the biotin-functionalized and the non-functionalized polymer made further purification at this 
stage very difficult. It was envisaged, however, that for the experiments carried out in thin films 
the polymer does not need to be fully functionalized in order to obtain protein patterning.
,0
Scheme 7.1: Synthesis of PSm-6-PEOn-biotin 1.
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In a second approach (Scheme 7.2) Boc protected PEO (BocNH-PEOn-OH) was reacted 
with 2-bromo butyric acid using standard coupling conditions. Subsequently an Atom Transfer 
Radical Polymerization (ATRP) reaction was carried out using the CuBr/ PMDETA complex, 
styrene and anisole, where the latter was used as an internal standard. Advantages of this route 
are that different lengths of both PEO and PS can be synthesized to obtain different 
morphologies in the microphase separated films. After purification, the Boc was removed with 
trifluoro acid (TFA) in dichloromethane. Using these relatively mild conditions, the ester linkage 
between the two polymer blocks remains intact. After washing with an aqueous NaHCO3 
solution, saturated NaCl solution, and water the obtained free amine was reacted with (+)-biotin- 
4-nitrophenylester using the same conditions as described for polymer 1. From 1H-NMR spectra 
it was concluded that also ca. 80% of the polymers were functionalized with biotin. An overview 
of the molecular weight properties of the synthesized block copolymers is given in Table 7.1.
Table 7.1: Overview of synthesized block copolymers.
Polymer Molecular Weight (Mn) a PDIa
PS182-ib-PEO136-biotin (1) 25010 1.02
PS68-b-PEO67-biotin (2a) 12968 1.05
PS95-^-PEO113-biotin (2b) 15800 1.04
a Based on GPC values.
Scheme 7.2: Synthesis of PSm-b-PEOn-biotin 2a and 2b.
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7.3 Phase Separation Behavior
7.3.1 Aggregation in solution
The streptavidin (Sav) binding affinity of the PSm-6-PEOn-Bt (Bt = biotin) polymers in 
solution was investigated by the so-called HABA-Sav assay. Using this assay, only the intrinsic 
binding affinity of the functionalized block copolymer interaction is monitored, not the 
physisorption of the protein to the polymers. To prevent denaturation of the protein, first 
assemblies of the biotinylated block copolymer in buffer solution (sodium phosphate buffer, 
20mM, pH = 7.2) were made. For this purpose 0.3 mL of a 1 mg/mL solution in THF was 
injected into 1 mL buffer solution. To trap the assemblies and to remove excess of THF, the 
aggregates were dialyzed against buffer in tubes with a 100kDa cut-off. TEM experiments 
showed that micellar assemblies (Figure 7.2, top panel) were formed which were identical to the 
assemblies obtained for PSm-6-PEOn described in chapter 5. Increasing the PS volume fraction 
resulted in formation of micellar rods in addition to micelles (Figure 7.2, lower panel).
Figure 7.2: TEM images of micellar assemblies of (A): PS68- -^PEO67-Bt (2a) and (B): PS182- -^PEO136-Bt (1). 
Bars represent 200 nm.
After dialysis, the assemblies were added to a solution of Sav in the presence of the Sav 
binding dye 4’-hydroxyazobenzene-2-carboxylic acid (HABA). If biotin is bound, less Sav
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binding pockets will be available for HABA which will result in changes in the relative intensities 
of the UV-vis absorption bands of this compound. The band at X = 350 nm will increase 
(unbound HABA) while the band at X = 500 nm will decrease (bound HABA). The results 
obtained with polymer 1 in the HABA assay are shown in Figure 7.3. Similar data were obtained 
for polymers 2a and 2b. In all cases the band at X = 350 nm increased in intensity while the 
band at X = 500 nm did not show any significant decrease, probably due to scattering of the 
polymer solution.73 Since the polymer contains biotin (see section 7.2) and the intensity increase 
of the band at X = 350 nm is significant we may conclude that biotinylated PSm-jb-PEOn 
organized in aggregates is still capable of binding streptavidin leading to protein functionalized 
micellar assemblies. Furthermore, since Sav can bind four biotin units, the Sav containing 
polymer assemblies should be able to crosslink, resulting in clustered aggregates. This, indeed, 
turned out to be the case (Figure 7.4). 74, 75 The assemblies in this figure remain micellar in 
nature, likely because these morphologies are kinetically trapped. 76, 77
280 330 380 430 480 530 580 630
Wavelength (nm)
Figure 7.3: Typical HABA assay carried out with biotinylated polymer 1. The band at X = 350 nm increases 
while the band at X = 500 nm does not, probably due to scattering. The arrows indicate the increase and 
steady state of the signals corresponding to free and bound HABA, respectively. Inset: structure of bound 
(left) and unbound HABA (right).
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Figure 7.4: TEM images of aggregates of PS67-b-PEO68-Bt with added Sav (left) and PS182-b-PEO136-Bt 
with added Sav (right). Bars represent 200 nm (left) and 500 nm (right).
7.3.2 Microphase separation of PSm-b-PEOn-Bt 
PS182-b-PEO136-OH is known to form cylindrical structures upon spin-coating on SiO2. Kim and 
coworkers showed that the ordering of these cylinders is dependent on the atmosphere present 
in the chamber in which the polymer is spin-coated on the substrate.78 Furthermore, they found 
that the time during which the substrate is covered with polymer solution is important.
In this research, in a first series of experiments a 1 wt% PSm-b-PEOn solution in toluene 
was filtered through a 0.2 pm poly(tetrafluoroethylene) (PTFE) filter and deposited onto a silicon 
substrate, followed by spin-coating. The entire process was carried out in an air-tight chamber 
with a volume of 2.84 x10-3 m3 that was partially saturated with solvent vapor or vapor of a 
mixture of 2 solvents (10mL present in cottons placed in the top of the chamber). Vapor 
atmospheres used in this study were mixtures of toluene and distilled water. After a 30 s waiting 
period, the solutions that covered the SiO2 wafer were spin-coated at 3000 rpm, and the film- 
coated wafers were immediately removed from the chamber. A schematic representation of this 
process is shown in Figure 7.5. The films of PS182-b-PEO136-OH that were obtained are shown 
in Figure 7.6. To achieve perpendicular cylinders a ratio of water to toluene of 4:1 v/v liquid 
vapor was needed. Other covering times, other wt% of polymer solutions or other water/ toluene 
ratios to create vapor resulted in a mixture of parallel and perpendicular cylinders, which is in 
agreement with the experimental results obtained by Kim et al. 80
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Figure 7.5: Schematic representation of the procedure followed for the preparation of thin films of PSm-b- 
PEOn-R on SiO2. 1: A 1 wt% solution of PSm-b-PEOn-R in toluene is placed on freshly cleaned SiO2 (3 
droplets), 2: the solution is covered with a beaker glass in which cottons (soaked with solvent mixture) are 
present, 3: after x seconds the substrate is spin coated (3000 rpm, 40 seconds) and as soon as a color 
change is observed the beaker glass is removed, 4: After spin-coating the film is ready and can be removed 
from the spin-coater.
The same conditions, as described above, were applied for the preparation of the films 
of the biotinylated block copolymer, PS182-b-PEO136-Bt, see Figure 7.6B. From this figure it can 
be concluded that while using the same conditions, only parallel cylinders are obtained in 
contrast to PS182-b-PEO136-OH. Apparently, the balance between the formation of parallel and 
perpendicular cylinders is very subtle and easily influenced by relatively small changes in the 
molecular composition of the block copolymer materials. In order to obtain perpendicular 
cylinders, the conditions were varied and it was found that without water/ toluene atmosphere,
i.e. just covering the wafer with a beaker glass for 30 seconds only perpendicular cylinders were 
obtained (Figure 7.6C).
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Figure 7.6: AFM images of thin films of (A) left: height image of PS182-b-PEO136-OH, right phase image of 
PS182-b-PEO136-OH, (B) and (C) left height image of PS182-b-PEO136-Bt, right phase image of PS182-b- 
PEO136-Bt. Films A and B were prepared in water: toluene (4:1 v/v) vapor and film C without water/ toluene 
vapor.
7.3.3 Binding of Streptavidin (Sav)
In order to bind Sav, PS182-b-PEO136-Bt films were prepared employing the conditions 
described in the previous paragraph, i.e. 30 seconds waiting time and substrate covering 
without a water/ toluene atmosphere in order to obtain perpendicular cylinders. To these thin 
films Sav molecules were bound. A schematic representation of the experiment is depicted in 
Figure 7.7. In a first approach the substrate was covered with a layer of protein solution in which
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the concentration of the protein and the time that the substrate is covered were varied. The 
protein solution was removed from the film with the help of a filter paper and the substrate was 
washed with buffer solution (sodium phosphate buffer, 20 mM, pH 7.2) and ultra pure water, 
after which the substrate was dried with pure nitrogen. In a second approach the substrate was 
placed in a tube with the protein solution (x mg/ mL protein in sodium phosphate buffer, 20 mM, 
pH 7.2) and the incubation time was varied from 5 minutes to 1 hour. Subsequently, the 
substrate was washed extensively with buffer solution and ultra pure water and dried with pure 
nitrogen.
It was found that in the first method, evaporation of the solvent occurred, hence the 
concentration of the protein changed, resulting in irreproducible results. This did not happen 
when the dipping method (method 2) was used. It was decided, therefore, to follow this 
procedure in the experiment described later in this chapter.
Method 1
Method 2
Figure 7.7: Methods used to bind Sav on the film surface of PS182-6-PEO136-Bt. In method 1 (top, covering 
method), In method 2 (below), the substrate is placed in a protein solution for x minutes (dipping method).
To verify if Sav binds to the biotin groups and does not physically absorb to the polymer 
surface several blank experiments were carried out (Table 7.2). Non-functionalized PS182-6 - 
PEO136-OH was spin-coated on a SiO2 substrate and dipped into the protein solution (method 2 ) 
as described above. No protein was observed on the PS182-6 -PEO136-OH film (Figure 7.8), 
indicating that Sav does not absorb to either PEO or PS independent of the incubation time.
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Table 7.2: Conditions used for the blank experiments with PS182-6-PEO136-OH.1
Biotin present Incubation time Protein attachment
No 5, 10, 30, 60 minutes No
Yesb 5, 10, 30, 60 minutes Removal of polymer film
a 50 mg/mL solution of Sav in a phosphate buffer, 20mM, pH = 7.2 was applied, Free biotin was added to 
a solution of PS182-6-PEO136-OH in toluene.
0 1.00 |jm 0 1.00 Mrn
Data type Height Data type Phase
Z range 5.000 nm Z range 10.00 0
Figure 7.8: AFM images of blank experiment in which a film of PS182-6-PEO136-OH was dipped into a 50 
mg/mL protein solution for 60 minutes. No biotin was present. Left: height image, and right: phase image of 
the PS182-6-PEO136-Bt film
In a second set of blank experiments a solution of biotin mixed with PS182-b-PEO136-OH 
in toluene was prepared. A small amount of water was needed to dissolve the biotin (toluene: 
water, 1% v/v). After spin-coating the solution on SiO2 using the same conditions as described 
earlier for PS182-£>-PEO136-OH, perpendicular cylinders were obtained. However, upon trying to 
attach proteins to the substrate, the polymer film was washed away when the dipping method 
(method 2) was used. This was also observed when the covering method (method 1) was 
applied. Apparently, the presence of water in the spin-coating solvent prevents a firm 
attachment of the block copolymer film to the SiO2 substrate.
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Table 7.3: Conditions used for the attachment of Sav molecules to PSi82-£>-PEOi36-Bt (1) thin films.
Dipping 
time (min.)
Protein
concentration
(mg/mL)
Treatment Results
5, 20, 30 10 0 None Protein clusters
5, 10 50 None Protein clusters
5, 10, 30 2 0 None Protein clusters
5 20 NaCl added Film removal
5 20 HF cleaned Film
destabilization
Sav binding experiments with thin films formed by PS182-b-PEO136-Bt were carried out 
under different conditions (Table 7.3). After a short dipping period, using a protein solution with 
a concentration of 50 mg/ mL in a 20mM phosphate buffer, pH 7.2, the surface of the film was 
covered with protein. However, the cylinders of PS182-b-PEO136-Bt were no longer visible, and 
unfortunately neither were the individual protein molecules. Instead large clusters of Sav 
molecules were visible in the AFM pictures (Figure 7.9). Decreasing the amount of protein in the 
solution to a concentration of 20 mg/mL resulted in similar surfaces, i.e. single protein molecules 
were still not visible.
In order to prevent this Sav clustering on the surface, first sodium chloride was added to 
a solution containing 20mg/mL Sav (end concentration was 100mM), since it is known that this 
salt stabilizes Sav. This treatment, just as in the case of the film of PS182-b-PEO136-OH mixed 
with free biotin, was found to destabilize the polymer film. Cleaning the SiO2 with aqueous HF to 
increase its surface hydrophobicity did not have a beneficial effect on the film stability either.
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Figure 7.9: AFM height (right) and phase (left) images of PS182-b-PEO136-Bt film covered with Sav after (A): 
dipping for 5 min. in a 50mg/mL protein solution, and (B): after dipping for 10 min. in a 20 mg/mL protein 
solution.
A second way to prevent formation of clusters of Sav is to reduce the amount of biotin on 
the surface by mixing PS182-b-PEO136-OH with PS182-b-PEO136-Bt in toluene to obtain a final 
1%wt polymer solution. It must be noted that when using this mixture, after spin coating, both 
parallel and perpendicular cylinders are obtained since the two different polymers need different 
conditions to give perpendicular cylinders.
118
Ordering of Enzymes on a Surface using Microphase Separation
The experimental conditions used for obtaining protein-functionalized surfaces are given 
in Table 7.4.
Table 7.4: Conditions used to order Sav on films of 1 mixed with PSi82-6-PEOi36-OH.a
Ratio of Biotin 
to OH 
terminated 
polymer
Toluene:
water
ratio
Type of cylinders Dipping
time
(min.)
Sav in
clusters
(Yes/No)
1:0 - Perpendicular 5, 60 Yes
4:1 - Perpendicular/Parallel 10,30 Yes
2:1 Perpendicular/Parallel 1 0 , 2 0 , 
30
Yes
1:1 4:1 Perpendicular/Parallel 10, 30 Yes
1:2 4:1 Perpendicular/Parallel 5, 20, 
30, 60
Yes
1:4 4:1 Perpendicular/Parallel 1 0 , 60 Yes
5:95 4:1 Perpendicular/Parallel 5b, 60, 
165
No
1:99 4:1 Perpendicular 10b, 90 No
0:1 4:1 Perpendicular 1 0 , 60, 
90
Noc
A 20mg/mL protein solution (phosphate buffer, 20mM, pH 7.2) was used, The dipping period was too 
short and no protein attachment was observed, c No protein attachment was observed.
From Figure 7.10A it can be concluded that there is still formation of clusters, although 
their size and number is already much smaller compared to the clusters formed on a film with 
only PS182-b-PEO136-Bt. Moreover, the phase separation (cylinders) is now visible in contrast to 
the films prepared from 1 0 0 % biotin containing polymers.
To obtain smaller, i.e. single protein domains the amount of biotinylated polymer with 
respect to PS182-b-PEO136-OH was further decreased. Figure 7.10B shows the phase-separated 
film prepared from PS182-b-PEO136-OH: PS182-b-PEO136-Bt = 95:5. The conditions used to obtain 
perpendicular cylinders for PS182-b-PEO136-OH, i.e. 4:1 water/ toluene (v/v) and 30 seconds of 
covering before the spin-coating is started, were applied because of the low concentration of 
biotinylated polymer. As is observed in Figure 7.10B, only perpendicular cylinders were 
obtained. For the ratio of block copolymers PS182-b-PEO136-OH: PS182-b-PEO136-Bt = 99:1 
similar results were obtained.
Next, the PS182-b-PEO136-OH: PS182-b-PEO136-Bt = 95:5 film was dipped in a 20 mg/mL 
Sav solution. After five minutes dipping time and subsequent washing, no protein was visible by
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AFM indicating that the dipping time was too short. After 60 minutes however, a pattern of 
protein bound to the surface was observed (Figure 7.10C). The measured height (5.7nm) was in 
agreement with the dimensions of Sav (5.4x5.8x5.8 nm) and separate molecules were visible of 
which the sizes (6 nm) were in good agreement with the dimension of the protein. When longer 
incubation times were used the surface became more saturated, e.g. after 165 minutes the 
surface was completely covered with Sav (Figure 7.10D).
In summary, decreasing the amount of biotin-terminated block copolymer in a mixture 
with OH terminated block copolymer to approximately 4%1, gave good results, i.e. protein 
molecules bound to the surface were obtained. Spin-coating, using a toluene/ water (4:1, v/v) 
atmosphere can be applied because the small amount of biotinylated polymer present does not 
influence the formation of perpendicular cylinders.
1 taking into account that the polymer had a biotin functionality of 80%
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Figure 7.10: AFM height images(left) and phase imaged (right) of films of (A): PS182-b-PEO136-Bt / PS182-b- 
PEO136-OH (1:1) after dipping for 10 min. in an aqueous 20mg/mL Sav solution, (B): film of PS182-b-PEO136- 
Bt / PS182-b-PEO136-OH 5:95 before dipping, (C): film of PS182-b-PEO136-Bt / PS182-b-PEO136-OH 5:95 after 
dipping for 60 minutes in an aqueous 20mg/mL Sav solution, (D): same as c but with a dipping time of 165 
minutes.
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7.3.4 Other biotinylated polymers
To investigate whether other PSm-b-PEOn-Bt co-polymers, i.e. compound 2, would give 
different patterns or similar results, the same spin coating process as discussed above was 
applied. Figure 7.11 shows the results for pure biotinylated polymers 2a and 2b. Both micro- 
and macrophase separation behavior was observed for 2a. The polymer length, in this case, is 
probably too short which results in xN being a little smaller than 10  and hence microphase 
separation does not occur. Polymer 2b gave a nice microphase-separated pattern although not 
only cylinders were formed but also lamellae.
When the films of both polymers were dipped in a protein solution (20mg/mL, phosphate 
buffer, 20 mM, pH 7.2) for 30 minutes and the films were subsequently washed with phosphate 
buffer (20mM, pH 7.2) and ultrapure water both films became partly detached from the 
substrate. Probably, the ratios of the polymer blocks and the length of the polymers are not 
suitable for these types of experiments, showing the importance of these parameters. In Figure 
7.11C protein molecules present on an intact piece of the film of polymer 2a are visible, which is 
similar to the results obtained for polymer 1, i.e. protein clusters. To prevent this clustering, the 
biotin concentration in the film has to be lowered however. However, since the film is not stable 
such an experiment was not carried out. The film of polymer 2b was completely removed after 
the dipping and washing process and hence no results of protein patterning on the films can be 
reported.
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Figure 7.11: AFM height (left) and phase (right) images of films of (A): PS95-b-PEOn3-Bt (2b), (B): PS68-b- 
PEO67-Bt (2a) and (C): PS68-b-PEO67-Bt (2a) after dipping in an aqueous 20mg/mL Sav solution for 10 
minutes.
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7.4 Conclusions
Biotinylated block copolymers of PSm-b-PEOn (1 and 2) were successfully synthesized 
using two different approaches. In the first approach commercially available hydroxyl-terminated 
PS182-b-PEO136-OH was directly coupled to biotin to give polymer 1. After purification, 80% of 
this polymer turned out to be functionalized as was concluded from 1H-NMR spectroscopy. In 
the second approach, PEO was functionalized with an ATRP initiator and after an ATR 
polymerization reaction with styrene as monomer; biotin was coupled to the resulting PEO-b-PS 
block copolymer yielding 2. This reaction was performed twice to give polymers with different 
block copolymer lengths (2a and 2b). Microphase separation of thin films of 1 and 2b was 
observed, while 2 a also showed, next to cylindrical domains, macro-phase separation, most 
likely because the degree of polymerization of the polymer blocks in this compound was too low. 
Polymer 1 gave films with cylindrical domains of which the orientation could be controlled by 
varying the vapor atmosphere in which the film was spin coated. Polymer 2b gave both lamellar 
and cylindrical domains.
By dipping the substrate with polymer film for a certain period of time in a buffered 
aqueous solution containing Sav and after washing with buffer solution and water followed by 
drying under a stream of nitrogen polymer films with clustered Sav molecules were obtained. To 
prevent this clustering the concentration of biotin was decreased by adding unfunctionalized 
PS182-b-PEO136-OH to a solution of biotin block copolymer 1. Using a ratio of 95:5 = PS182-b- 
PEO136-OH: PS182-b-PEO136-Bt, a polymer thin film with isolated Sav molecules could be 
prepared, as was concluded from the measured dimensions of the protein molecules by AFM. 
Films of polymer 2 could not be used to bind Sav molecules, because they were destroyed 
during the washing steps, probably because the polymer blocks were too short and the ratio of 
PEO and PS was not appropriate.
7.5 Experimental
General information
(+)-Biotin-4-nitrophenyl ester, and 2-bromo isobutyric acid were obtained from Fluka and 
used as received. Streptavidin (Sav), copper bromide and N,N,N’,N’,N’’-pentamethyl-diethylene- 
triamine (PMDETA) were purchased from Sigma Aldrich. PS182-b-PEO136-OH was obtained from 
Polymer Source and BocNH-PEOn-OH from Rapp polymere. All syntheses were carried out 
under argon atmosphere and all solvents were distilled prior to use, unless stated otherwise.
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Characterization
1H NMR spectra and 13C NMR spectra were recorded on a Bruker DPX300 spectrometer 
using tetramethylsilane as an internal standard unless stated otherwise. Absorbance 
measurements were performed on a Varian Cary UV 50 spectrophotometer using a quartz 
cuvette. IR spectra were recorded on an ATI Matson Genesis Series FTIR spectrometer with a 
fitted ATR cell. The wavenumbers (v) are given in cm-1. Molecular weight distributions were 
measured with a Shimadzu Size Exclusion Chromatographer (SEC), equipped with a guard 
column and a PL gel 5 ^m mixed D column (Polymer Laboratories) with differential refractive 
index and UV (X = 254 nm) detection using either THF or CHCl3 as an eluent (1 mL/min at 
35°C). In both cases polystyrene standards were used for calibration. Gas chromatography 
(GC) analysis was conducted on a Hewlett/Packard 5890 Series II gas chromatograph, 
equipped with capillary columns (HP1, 25 m * 0.32 m * 0.17 ^m, HP1707, 25 m * 0.32 m * 0.25 
^m), using flame/ionization detection.
Synthesis of PSi82-b-PEO136-biotin (1)
Hydroxy terminated polystyrene-b-poly ethylene oxide (PS182-b-PEO136-OH) was dried 
by aseotropic distillation with toluene. This procedure was repeated three times. Next, the 
polymer (25000g/ mol, 1g, 4x10-5 mmol) was dissolved in 10 mL of dichloromethane and the 
solution was cooled to 0oC after which triethylamine (0.0476 g, 4x10-4 mmol) was added. (+)- 
Biotin-4-nitrophenyl ester (0.146 mg, 4x10-4 mmol) was dissolved in dichloromethane (2 mL) 
and added drop wise to the polymer solution. After complete addition the reaction mixture was 
allowed to warm to room temperature and was stirred for 4 days. Subsequently, the mixture was 
concentrated in vacuo and the crude product was redissolved in dichloromethane. The organic 
layer was washed with an aqueous saturated NaHCO3 solution and water. After separation of 
the layers, the organic layer was separated, dried over anhydrous Na2SO4, filtrated and 
evaporated to dryness. The crude product was further purified by column chromatography using 
silica, eluent CH2Cl2/ MeOH 99:1 v/v yielding polymer 1 as a white solid ( 80% yield).
1H-NMR (300MHz, CDCl3, 22oC, TMS): 5 = 6.9-6.2 (br, CH2CH(Ph)-), 5.90 (br, 1H; biotin- 
CHCHNH), 5.09 (br, 1H; BiotinCH2CHNH), 4.38 (br, 1H; biotin-CH2CHNH), 4.21 (br, 1H; biotin- 
CHCHNH), 5.1 (br, 1H; NH), 3.6 (br, -O(CH2CH2O)nCH2CH2O(C=O)-), 3.4-3.2 (br, - 
CH2CH(Ph)(C=O)-), 2.7-2.4 (br, -SCH2CH-), 2.2-0.8 (br, CH3CH2CH(CH3)(CH2CH(Ph)n(C=O)-, - 
NH(C=O)CH2CH2CH2CH2CHBt, CH3CH2CH(CH3)(CH2CH(Ph)n(C=O)-).
GPC (CHCl3) Mn = 25010 g/ mol, PDI = 1.02
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Synthesis of compound 3
BocNH-PEOn-OH (Mw = 3000 g/ mol, 1286 mg, 0.43 mmol) was dissolved in 10 ml 
toluene. The mixture was heated under vacuum until all toluene was evaporated. This 
procedure was repeated three times to remove all residual water from the polymer. The dried 
polymer was redissolved in 20 mL of dichloromethane and triethylamine was added (193 ^l, 
1.24 mmol). The reaction mixture was cooled to 0oC and subsequently a solution of 2-bromo- 
isobutyric acid (152 ^L, 1.24 mmol) in dichloromethane was added drop wise. After complete 
addition the reaction mixture was allowed to warm to room temperature and stirred overnight. A 
few droplets of methanol were added to quench the excess of reagents and subsequently the 
solution was washed with an aqueous saturated NaHCO3 solution and water. The organic layer 
was separated, dried on anhydrous Na2SO4, filtrated and evaporated to dryness. The crude 
product was further purified by precipitation in diethyl ether to give the pure product in 91% 
yield.
1H-NMR (300MHz, CDCfe, 22oC, TMS): 5 = 5.06 (br, 1H; NH), 4.30 (m, 2H; -OCH2CH2O(C=O), 
3.66 (br, BocNH(CH2CH2O)nCH2CH2O(C=O)), 1.92 (s, 6 H; C(CH)2), 1.43 (s, 9H, OC(CHs)3).
GPC (CHCl3) Mn = 3211 g/mol, PDI = 1.05.
Synthesis of compound 4
A Schlenk flask loaded with dried 3 (500 mg, 0.156 mmol) and CuBr (22.5 mg, 0.156 
mmol) was purged (3 times) with argon. Degassed styrene (2367 mg, 22.7 mmol) and PMDETA 
(74 ^L, 0.311 mmol) were added. Anisole (0.1 mL) was used as an internal standard. The 
reaction vessel was placed in an oil bath at 90oC. Samples were taken at different time intervals 
to analyze the styrene conversion by gas chromatography (GC). When the desired conversion 
was reached the reaction mixture was dissolved in 50 mL CH2Cl2, and washed with an aqueous
0.065M EDTA solution (3x 50 mL). The organic layer was separated, dried on Na2SO4, 
separated and concentrated in vacuo to yield 8 8 % of pure block copolymer.
1H-NMR (300MHz, CDCl3, 22oC, TMS): 5 = 6.9-6.2 (br, CH2CH(Ph)-), 5.1 (br, 1H; NH), 4.5 (br, 
1H; CH2CH(Ph)Br), 3.6 (br, BOCNH(CH2CH2O)nCH2CH2O(C=O)-), 2.2-0.8 (br, 
(C=O)C(CHs)2(CH2CH(Ph)n-1CH2CH(Ph)Br-), 1.4 (s, 9H, OC(CHa)3).
GPC (CHCl3) Mn = 13333 g/ mol, PDI = 1.03.
Synthesis of compound 5
Polymer 4 (2000 mg, 0.15 mmol) was dissolved in 35 mL of dichloromethane and TFA 
(1.7 mL, 23 mmol) was added. The reaction mixture was stirred for 3 hrs. After completion, 
which was concluded from thin layer chromatography, the reaction mixture was concentrated 
and the product was dissolved in dichloromethane. This solution was washed with an aqueous
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saturated NaHCO3 solution, an aqueous saturated NaCl solution and water. After drying over 
anhydrous Na2SO4 and filtration, the solvent was removed under vacuum to give the crude 
polymers, which were used without further purification.
1H-NMR (300MHz, CDCfe, 22oC, TMS): 5 = 6.9-6.2 (br, CH2CH(Ph)-), 5.1 (br, 1H; NH), 4.5 (br, 
1H; CH2CH(Ph)Br), 3.6 (br, C ^ O C H C H O ^ C H C H A C ^ )-) , 2.2-0.8 (br, 
(C=O)C(CHs)2(CH2CH(Ph)n-iCH2CH(Ph)Br-).
GPC (CHCl3) Mn = 12995 g/mol, PDI = 1.03
Synthesis of Bt-PEOn-b-PSm (2)
Polymer 5 (1146 mg, 0.088 mmol) was dried by azeotropic distillation using 10 mL 
toluene. This procedure was repeated three times after which the polymer was dissolved in 
dichloromethane (10 mL). To this solution Et3N (73 ^L, 0.48 mmol) was added, after which it 
was cooled to 0oC. A solution of activated (+)biotin-4-nitrophenyl ester (161 mg, 0.44 mmol) in 
dichloromethane was added drop wise and after complete addition the reaction mixture was 
allowed to come to room temperature. After 48 hrs, the reaction was finished as was concluded 
from thin layer chromatography. The reaction mixture was washed with an aqueous saturated 
NaHCO3 solution and water. The organic layer was separated, dried over anhydrous Na2SO4, 
filtrated and evaporated to dryness. The crude product was further purified by size exclusion 
chromatography (Biobeads, eluent tetrahydrofuran) to give the pure polymer as a white solid 
(80% yield).
1H-NMR (300MHz, CDCh, 22oC, TMS): 5 = 6.9-6.2 (br, CH2CH(Ph)-), 6.08 (br, 1H; biotin- 
CHCHNH), 5.1 (br, 1H; BiotinC^CHNH), 4.41 (br, 1H; biotin-C^CHNH), 4.28 (br, 1H; biotin- 
CHCHNH), 5.1 (br, 1H; NH), 4.5 (br, 1H; CH2CH(Ph)Br), 3.6 (br, - 
NH(CH2CH2O)nCH2CH2O(C=O)-), 2 .2 -0 .8 (br, (C=O)C(CHa)2(CH2CH(Ph)n-1CH2CH(Ph)Br-, - 
S CH2CH-, -NH(C=O) CH2CH2CH2CH2CHBt).
GPC (CHCl3) Mn = 12968 g/mol, PDI = 1.05.
HABA-Streptavidin assay
A HABA stock solution (60 ^l, 1.03x10-4 M HABA, 20 mM phosphate buffer, pH 7.2) was 
added to 1000 ^l of a streptavidin solution (6.4x10-6 M streptavidin, 20 mM phosphate buffer, pH
7.2). Small aliquots (10 ^l) of a dispersion of the polymer in ultrapure water (8x10-5 M) were 
added to the resulting mixture, and after each addition UV-vis spectra (A = 650-270 nm) were 
recorded. The spectra were corrected for dilution and back scattering.
TEM studies
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Samples for TEM were prepared by depositing small amounts of aqueous dispersions 
onto a carbon coated copper grid. After two minutes the excess water was drained off and the 
grids were further dried under vacuum. TEM images were recorded using a JEOL JEM 1010 
microscope (60 kV) equipped with a CCD camera.
Preparation polymer solutions in toluene
Polymer solutions in toluene were prepared by adding toluene to a known amount of 
PSn-b-PEOm until the concentration of the solution was 1 wt%. Subsequently, the solution was 
shaken for 3 hrs to completely dissolve the polymer and the solution was kept at 4 oC.
AFM measurements
Silicon wafers (4 inches, resistivity: 1 ohm/cm, 500um thickness) were cleaned by O3/ 
UV irradiation. Samples were prepared in the following way; a silicon wafer was covered with 
polymer solution and protected with a beaker flask (if necessary cotton with solvent was 
present, see text). After x seconds, the spin-coating process was started (3000 rpm for 30 
seconds). After a color change was observed the beaker flask was removed. AFM images were 
taken in both height and phase contrast using a Dimension 3100 instrument in the tapping 
mode. Etched silicon tips were used with spring constants between 40 and 60 N m-1 (as 
specified by the manufacturer).
Binding of Sav to polymer films
The silicon wafer was dipped in a solution of Sav (x mg/mL) for x minutes. Subsequently 
the wafer was extensively washed with aqueous phosphate buffer, 20 mM, pH 7.2 and ultrapure 
water. The wafer was dried with pure nitrogen.
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Amphiphiles, also named surfactants or soaps, are molecules that consist of a 
hydrophilic and a hydrophobic block, therefore, when dispersed in aqueous solution these 
molecules self-assemble into a diversity of aggregates, e.g. micelles and vesicles. For a long 
time, studies were mainly focused on the self assembly behavior and properties of the 
assemblies of classic amphiphiles, i.e. soap molecules with a low molecular weight. This has 
lead to a detailed insight in their aggregation behavior. Next, the research was extended to the 
synthesis and aggregation behavior of so-called super amphiphiles, which are compounds that 
consist of two macromolecules (a hydrophilic and a hydrophobic polymer). Researchers have 
found that these block copolymers self-assemble in a similar way as their low molecular weight 
counterparts with the advantage that the aggregates of super amphiphiles are more robust. 
Recently, the study of the self assembly behavior has been extended to ‘giant’ amphiphiles by 
Nolte et al. In this case, the apolar tail is a polymer (e.g. polystyrene) and the hydrophilic head 
group is a protein or enzyme. It was observed that such giant biohybrids form similar 
aggregates as super and classic amphiphiles and in addition they possess a biofunctionality. 
For that reason, biohybrids are interesting compounds that can be used for the construction of 
bio-active structures. This thesis describes the synthesis and characterization of so-called 
biohybrid super and giant amphiphiles using various techniques. As an introduction towards this 
topic, an overview of the construction and characteristics of (biohybrid) classic, super and giant 
amphiphiles is given in Chapter 2.
Besides giant amphiphiles, biohybrids containing a peptide head group and a polymer 
tail are also interesting for the formation of bioactive assemblies. In Chapter 3 the synthesis of 
these biohybrid super amphiphiles using straight forward solid phase peptide chemistry was 
therefore investigated. Here, first a polymer (polystyrene) was connected to a resin and 
subsequently the desired peptide chain was successfully introduced. In this way two different 
blocks can be coupled which would be difficult to do in solution. Furthermore, this procedure 
allows for good control over the molecular weight and polydispersity of the block copolymer 
segments in contrast to previously reported resin-based procedures. The large choice of 
synthetic polymers, in combination with the availability of large libraries of bio relevant peptide 
sequences, offer the possibility to synthesize a variety of new amphiphilic macromolecules with 
diverse and controllable functions.
Chapter 4 describes the successful synthesis of giant amphiphiles containing myoglobin 
(Mb) or horse radish peroxidase (HRP) as the polar head group and polystyrene (PS) or 
polymethylmetacrylate (PMMA) as the apolar tail. For this purpose, the reconstitution method is
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used where first the cofactor, protoporphyrinIX is functionalized with a polymer tail (Figure 1). 
The length of the polystyrene tail was varied which resulted in the formation of various 
aggregates. Catalytic activity of the different HRP containing giant amphiphiles was investigated 
and, similar to earlier results, the assemblies showed a lower activity than the native enzyme. 
Decreasing the length of the polystyrene tails of the assemblies resulted in an increase of the 
catalytic activity. Furthermore, when polymer PMMA was used as an apolar block, the activity 
increased even more. Finally, in this chapter a first step towards cascade reactions using 
assemblies of the HRP containing giant amphiphiles and included GOx has been made.
Figure 1: Top left: Structure of the cofactor protoporphyrinIX, functionalized with PMMA or PS, top right: 
schematic representation of the reconstitution method, bottom: aggregates of PS40-b-HRP, PS-b-PS40 en 
PMMA120-b-HRP.
In contrast to biohybrid diblock copolymers, little research has been carried out on ABC 
triblock copolymers that contain a biomacromolecular segment, and it would be interesting to 
explore the aggregation behavior of such macromolecular systems in order to obtain functional 
aggregates. The next two chapters describe the construction and self assembly behavior of 
these biohybrid macromolecules that are built up of polystyrene, polyethylene glycol, and Mb or 
HRP. With respect to the synthesis of these amphiphilic biohybrid macromolecules a strategy 
combining controlled radical polymerization, click chemistry and cofactor reconstitution has 
been used. Aggregation studies of the obtained super amphiphiles consisting of polystyrene, 
poly ethylene glycol and protoporphyrinIX, revealed the formation of multi component vesicles 
when dispersed in water. After reconstitution with apo-HRP or apo-Mb, the obtained biohybrids 
self assembled into a variety of complex and unusual nanometer-sized architectures by
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processes of self-organization. Examples are y junctions and toroids, which are quite rare and 
are probably the result of a fusion process involving two micellar rods.
Figure 2: Top: structure of the super amphiphile PEG-b-PS-protoporphyrinIX, bottom: examples of the
different aggregates formed by Mb-6-PS144-b-PEGn3.
Besides the investigation of the self assembly behavior of biohybrid amphiphiles in 
aqueous solutions, functional surfaces are also receiving increased interest. Immobilized 
proteins on a surface can play a role in drug screening, protein analysis, and catalysis. Chapter 
7 reports a novel method to immobilize proteins on a surface using microphase separated block 
copolymer thin films. The block copolymer consists of polystyrene, polyethylene glycol and 
biotin, where the latter is the cofactor for streptavidin (Sav). Upon dispersal of the biotin 
functionalized block copolymer in aqueous solution followed by addition of Sav, clustered 
micellar structures were observed (Figure 3). Microphase separation of this polymer resulted in 
thin films with cylindrical domains of which the orientation could be controlled by varying the 
vapor atmosphere in which the film was spin coated. For the immobilization of Sav, the thin 
polymer film was dipped for a certain period of time in a buffered aqueous solution containing 
Sav and after washing with buffer solution and water followed by drying under a stream of 
nitrogen, polymer films with clustered Sav molecules were obtained. To prevent this clustering 
the concentration of biotin on the surface was decreased by adding unfunctionalized 
polystyrene-polyethylene glycol to a solution of the biotin block copolymer, where the lengths of 
the two polymer blocks was the same as for the biotin functionalized block copolymer. Using a 
ratio of 95:5 (unfunctionalized: functionalized), a polymer thin film with isolated Sav molecules 
could be prepared, as was concluded from the measured dimensions of the protein molecules 
by AFM.
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Figure 3: Top left: structure of polystyrene-polyethylene glycol functionalized with biotin, top right: 
aggregation behavior of this molecule in an aqueous buffer solution after addition of Sav, Bottom left: height 
AFM image and bottom right phase AFM image of Sav molecules on a block copolymer thin film.
The work in this thesis deals with the synthesis of biohybrid amphiphiles using different 
approaches such as solid phase peptide chemistry, atomic radical polymerization reactions and 
click chemistry. Furthermore the self assembly behavior of these macromolecules in solution 
was investigated and a first step to wards a cascade reaction in these self assembled structures 
has been made. Finally, it has been shown that proteins can be ordered on a surface using 
microphase separation of block copolymers.
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Zepen, ook wel surfactanten of amfifielen genaamd, zijn moleculen die zijn opgebouwd uit een 
waterlievend (hydrofiel) en een waterafstotend (hydrofoob) gedeelte. Als deze moleculen in een 
waterige oplossing worden gebracht, vormen ze aggregaten, waarbij het hydrofobe gedeelte 
van het molecuul van het water wordt afgeschermd door de hydrofiele delen. Een grote 
diversiteit aan aggregaten kan worden gevormd, waaronder bijvoorbeeld micellen en vesicles. 
Aanvankelijk richtte onderzoek zich voornamelijk op het aggregatiegedrag en de daaruit 
voortkomende eigenschappen van zogeheten klassieke amfifielen; dit zijn zeepmoleculen met 
een relatief laag moleculair gewicht. Vele studies hebben geleid tot een gedetailleerd inzicht in 
het aggregatiegedrag van deze moleculen. Meer recent is het onderzoek uitgebreid naar de 
synthese en aggregatie gedrag van de zogeheten superamfifielen die zijn opgebouwd uit twee 
macromoleculen (een hydrofoob en een hydrofiel polymeer). Onderzoekers concludeerden dat 
deze blokcopolymeren een vergelijkbaar aggregatiegedrag hebben als de laaggewicht 
moleculen met als bijkomend voordeel dat de aggregaten van deze superamfifielen robuster 
zijn. Recentelijk is in de groep van Nolte het onderzoek naar de synthese en het 
aggregatiegedrag van surfactanten uitgebreid met de klasse van zogenaamde "giant” amfifielen. 
Dit zijn macromoleculen met een eiwit of enzym als de hydrofiele kopgroep en een polymeer 
(bijvoorbeeld polystyreen) als de apolaire staart. Deze biohybride "giant” amfifielen vormen 
soortgelijke aggregaten als die beschreven zijn voor superamfifielen en klassieke amfifielen, 
maar bezitten daarnaast ook een zogeheten biofunctionaliteit. Om deze reden zijn deze "giant” 
amfifielen interessante producten die gebruikt kunnen worden voor de ontwikkeling van bio- 
actieve structuren. Dit proefschrift beschrijft de synthese en de karakterisatie van zogeheten 
biohybride super- en "giant” amfifielen, waarbij gebruik wordt gemaakt van verschillende 
synthese technieken. Ter introductie, wordt in Hoofdstuk 2 een overzicht gegeven van de 
synthese en de karakteristieken van (biohybride) klassieke, super- en "giant” amfifielen die al in 
de literatuur zijn beschreven.
Hoofdstuk 3 beschrijft de synthese van deze biohybride superamfifielen, door gebruik te 
maken van peptide chemie aan de vaste drager. In de eerste stap werd het polymeer 
(polystyreen) aan de hars gekoppeld en aansluitend werd het gewenste peptide geïntroduceerd 
via standaard procedures. Middels deze methode kunnen twee verschillende blokken aan 
elkaar worden gekoppeld, wat moeilijk te bewerkstelligen is in oplossing. Bovendien, is er een 
goede controle over het moleculaire gewicht alsmede de polydispersiteit van het polymeer, dit in 
tegenstelling tot eerdere procedures die gebasseerd zijn op polymerisatie vanuit de vaste 
drager. De ontwikkelde procedure aan de vaste drager geeft de mogelijkheid een grote variëteit
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aan synthetische polymeren te combineren met een groot scala aan relevante peptide 
sequenties en geeft daarmee toegang tot een grote verscheidenheid van nieuwe amfifiele 
macromoleculen die diverse controleerbare functies kunnen bezitten.
Hoofdstuk 4 beschrijft de synthese van “giant” amfifielen met myoglobine (Mb) of 
mierikswortelperoxidase (HRP) als polaire kopgroep en polystyreen (PS) of 
polymethylmetacrylaat (PMMA) als apolaire staart. Voor het maken van deze macromoleculen 
is gebruik gemaakt van de zogenaamde reconstitutie methode, waarbij de cofactor 
(protoporfyrine IX) met daaraan een polymeer gekoppeld (Figuur 1) terug wordt geplaatst in de 
eiwitmantel van het enzym. De lengte van de polystyreenstaart werd gevarieerd en dit 
resulteerde, bij dispersie in water, in de vorming van verschillende typen aggregaten. De 
enzymatische activiteit van de diverse HRP “giant” amfifielen werd onderzocht en deze bleek 
lager te zijn dan die van het niet gefunctionaliseerde enzym. De enzymatische activiteit van de 
HRP-polystyreen amfifielen bleek lager te zijn voor amfifielen met een langere 
polystyreenstaart. Daarnaast bleek de enzymatische activiteit van de “giant” amfifielen met een 
PMMA-staart hoger dan die met een polystyreen staart.
In het laatste gedeelte van dit hoofdstuk wordt een eerste stap naar een cascade reactie 
beschreven. Hierbij is gebruik gemaakt van de HRP bevattende aggregaten met Glucose 
Oxidase ingesloten.
Figuur 1: Boven links: structuurformules van de cofactor protoporfyrine IX, gefunctionaliseerd met PMMA of 
PS, boven rechts: schematische weergave van de reconstitutie methode, onder: aggregaten van HRP-6- 
PS40 (links), Mb-6-PS40 (midden) en HRP-6-PMMA120 (rechts).
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In tegenstelling tot biohybride diblokcopolymeren, is er weinig onderzoek gedaan naar 
de synthese en aggregatiegedrag van ABC triblokcopolymeren die een macromoleculair 
biosegment bevatten. Het is daarom erg interessant om dit te onderzoeken. De volgende twee 
hoofdstukken (Hoofdstuk 5 en 6 ) van dit proefschrift beschrijven de synthese en het 
aggregatiegedrag van zulke biohybride ABC macromoleculen. Deze zijn opgebouwd uit 
polystyreen, polyethyleenglycol en Mb of HRP. Voor het synthetiseren van deze biohybride 
structuren is gebruik gemaakt van een combinatie van reacties zoals gecontroleerde 
radicaalpolymerisatie, "click” chemie en cofactor reconstitutie. Aggregatiestudies lieten zien dat 
de verkregen superamfifielen, die bestaan uit polystyreen, polyethyleenglycol en de cofactor 
protoporfyrine IX, zogeheten multicomponent vesicles vormen bij dispersie in water. Na 
reconstitutie met apo-HRP of apo-Mb vormden deze biohybride moleculen een grote variëteit 
aan ongewone structuren. Voorbeelden van deze structuren zijn ringen en Y figuren (Figuur 2).
Figuur 2: Boven structuurformule van het superamfifiel PEG-6-PS-protoporfyrine IX, onder: voorbeelden 
van diverse gevormde structuren van Mb-6-PS144-6-PEG113.
Naast het onderzoek naar het aggregatie gedrag van biohybride amfifielen in waterige 
oplossingen, krijgen functionele oppervlakken steeds meer aandacht in het onderzoek. 
Enzymen die zijn verankerd op een oppervlak, kunnen van belang zijn voor bijvoorbeeld drug 
screening, eiwit analyse en katalyse. Hoofdstuk 7 beschrijft een nieuwe methode om eiwitten op 
een oppervlakte te immobiliseren. Hierbij werd gebruik gemaakt van dunne films die waren 
gevormd doormiddel van microfasescheiding van blokcopolymeren. Het gebruikte 
blokcopolymeer bestond uit polystyreen, polyethyleenglycol en biotine, waarbij de 
laatstgenoemde de cofactor is voor streptavidine (Sav). Wanneer dit blokcopolymeer zich in een 
waterige oplossing bevond en Sav hieraan werd toegevoegd, werden micelaire aggregaten 
gevormd die samen clusteren (Figuur 3). Microfasescheiding van dit polymeer op een oppervlak 
van silicium resulteerde in cilindrische domeinen. De oriëntatie van de cilinders kon worden 
gecontroleerd door de dampdruk, waarbij het spin coaten plaatsvond, te variëren. Voor het
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immobiliseren van het Sav eiwit werd de dunne polymeerlaag voor een bepaalde tijd in een 
waterige bufferoplossing met Sav gedipt. Na deze handeling werd de film gewassen met 
bufferoplossing en water en werd de film met een stikstofstroom gedroogd. Dit resulteerde in 
oppervlakken met geclusterd Sav. Om dit clusteren van eiwitten te voorkomen, werd de 
concentratie van biotine op het oppervlak verlaagd. Dit werd bewerkstelligd door polystyreen- 
polyethyleenglycol blokcopolymeer van gelijke lengte maar zonder biotine te mengen met het 
blokcopolymeer met biotine. Wanneer een verhouding van 95:5 (niet gefunctionaliseerd: 
gefunctionaliseerd) werd gebruikt, gaf dit een dunne film met geïsoleerde streptavidine 
moleculen zoals werd geconcludeerd uit atoomkrachtmicroscopiemetingen (Figuur 3).
Figuur 3: Linksboven: structuurfomule van polystyreen-polyethyleenglycol gefunctionaliseerd met biotine, 
rechtsboven: aggregatiegedrag van dit molecuul na toevoeging van streptavidine in een waterige 
bufferoplossing. Links onder: AFM hoogte afbeelding en rechtsonder AFM fase afbeelding van streptavidine 
moleculen op een dunne blokcopolymeer film.
Het werk in dit proefschrift gaat over de synthese van biohybride amfifielen waarbij 
gebruik werd gemaakt van verschillende methoden, zoals vaste drager synthese, atomaire 
radicaal polymerisatie reacties en click chemie reacties. Daarmaast is het aggregatiegedrag van 
diverse biohybride macromoleculen in waterige oplossing onderzocht en is er een eerste stap 
gezet om deze structuren in te zetten voor cascadereactie. Als laatste is in dit proefschrift 
beschreven hoe eiwitten op een oppervlak geïmmobiliseerd kunnen worden, door gebruik te 
maken van microfase scheiding van blokcopolymeren.
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Is het eindelijk zover? Ben ik echt klaar met mijn proefschrift en kan ik nu een "dankwoord" 
schrijven? Ik kijk naar de 140 pagina's die al geschreven zijn en die volledig aan de lay-out 
eisen van de drukker voldoen. Ook de omslag is klaar, evenals de boekenlegger. Eindelijk kan 
ik (letterlijk en figuurlijk) aan het laatste hoofdstuk van mijn promotieperiode beginnen: het 
dankwoord. Vol enthousiasme kies ik een mooi lettertype uit om vervolgens te beginnen met 
afsluiten.
Na vijf minuten nadenken heb ik geen idee hoe ik een origineel dankwoord moet schrijven: ik 
heb, ter opvulling, een regel wit gelaten. Op een los velletje schrijf ik nummers en achter deze 
nummers som ik de mensen op die ik in dit hoofdstukje wil bedanken. Ik schuif mijn stoel 
nogmaals goed aan en besluit datgene te typen wat spontaan in mij opkomt:
1. Promotores: Prof. Roeland Nolte en Prof. Jeroen Cornelissen
Beste Roeland en Jeroen, ik wil jullie bedanken voor het vertrouwen in mij en dat 
jullie mij een promotieplaats hebben aangeboden. Roeland, na mijn 
hoofdvakstage gaf jij mij de mogelijkheid een promotieonderzoek te beginnen. Je 
was geïntresseerd in de voortgang van mijn onderzoek en wilde ook altijd weten 
hoe het met mij ging. Deze interesse waardeer ik enorm. Jeroen, jij was net terug uit 
de VS toen je als mijn begeleider werd aangewezen. Je ideeën waren uitdagend 
en veel van deze ideeën hebben we samen kunnen uitwerken en staan nu 
beschreven in dit proefschrift. Dank je wel voor alle creativiteit, correcties en 
peptalks!
2. Manuscript commissie: Prof. Elias Vlieg, Prof. Luc Brunsveld en Mark Boerakker
Jullie hebben met een zeer kritische blik naar mijn proefschrift gekeken. Heel veel 
dank hiervoor. Mark, tijdens mijn onderzoek gaf je nog enkele zeer nuttige tips op 
momenten dat mijn polymeertjes niet deden wat ik wilde. Je tips waren goud 
waard!
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3. Studenten: Raquel & Dennis
Raquel, as an Erasmus Student you did research for 6 months. I think we both 
enjoyed it a lot as I concluded from the fact that you came back for another 6 
months. Toen kwam Dennis: jou doorzettingsvermogen is onvoorstelbaar. Je had 
nauwelijks begeleiding nodig en hebt een grote hoeveelheid verbindingen 
gemaakt die voor mij en Joost nuttig waren. Dankjewel!
4. Afdeling Organische Chemie: Iedereen!
De afdeling organische chemie is erg groot en dit betekent dat er ook een 
heleboel collega's zijn met wie ik heb gepraat en/ of koffie heb gedronken. Ik wil 
geen namen noemen want anders vergeet ik (niet expres) er een aantal en dat is 
zeker niet mijn bedoeling. Daarom (in italic om het te benadrukken): Iedereen van 
de Nolte, Rutjes, van Hest en Rowan groep bedankt voor de fijne tijd en hulp die 
jullie hebben gegeven!
5. Vrienden: Heel veel mensen.
Of jullie nu in Nijmegen, Amsterdam, Weert, Rotterdam, Oosterhout, Den Bosch, 
Helmond of Utrecht wonen, ik vind het geweldig dat wij elkaar blijven zien. Ikzelf 
woon nu in Rotterdam en ik vind het heel bijzonder dat ik jullie nog steeds zie voor 
bierproefavonden, kookcursussen, gezellig een avondje wijn drinken, feesten, 
promotiefeestjes (al denk ik dat er niet veel meer volgen), verjaardagen, 
babyshowers of gewoon voor de gezelligheid:
Stan & Manon: (nu verre) buren en vrienden met wie ik over alles kan praten.
Ton & Susanne: jullie behoren tot de meest opgewekte personen die ik ken. Dat 
maakt, naar mijn mening, Ton de beste labgenoot die iemand zich kan wensen. 
Susanne, jij vult hem prima aan!
Ralph & Caroline: (ook Thomas) dank jullie wel voor alle interesse. Nu alles achter de 
rug is, zullen vele gezellige dagen/ avonden volgen (kan weer met heerlijke wijntjes)! 
Rosalie & Peter Paul: de beste ceremoniemeesters!
Dennis & Paula (en Rafael): Zuid Europese gastvrijheid! Paula, I cannot explain the 
value of our friendship in a few words. Dennis, als student bij jou is het allemaal 
begonnen.
Sandy & Hans: nu is er weer tijd voor meidendagen (sorry Hans) en gezellige 
avondjes.
Pili: now I have time to visit you soon: Barcelona is great!
Aurélie & Friso: (en Inez en Maxine) "spontaan" is jullie tweede naam en ik vind dit 
een geweldige eigenschap!
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Alexander & Floriske: (en Jannemijn en Diederik) samen wonen wij in de leukste stad 
van Nederland!
Jaap & Chris: zullen we een keer langs Herman gaan?
Paul & Robert: Paul, ik houd mij nog steeds aanbevolen om voor een pandavel 
met jou in het "... bootje" te stappen!
Joost & Annemiek: Joost, we hebben heel wat kakkerlakken om het leven gebracht, 
maar uiteindelijk bleek het toch noodzakelijk om het hele gebouw af te breken. Wat 
wordt ons volgende project?
Patricia & Igor: Alle proefschriften liggen nu bijna bij de drukker. Eindelijk...
Guuske & Guido: Wanneer gaan we naar het casino om met paardenracen flink 
geld te verdienen?
Pieter: kom je weer een keer bij ons piano spelen en zingen?
Mark: ongelooflijk hoe jij kunst boeiend maakt!
Erik & Marta: Veel geluk in de VS!
Nikos & Rena: the wedding in Crete was great, good luck in the future.
6 . Familie part 1: Oma, tantes, ooms, neven en nichten
Jullie moesten veel geduld hebben, maar nu is het dan zover. Mijn boekje is af. 
Heel veel dank voor jullie interesse! Oma, hier is mijn "afstudeerboekje" dan. Ik vind 
het mooi dat U er bij kunt zijn.
7. Familie, part 2: Barto en Irene
Ik prijs mij ontzettend gelukkig met schoonouders zoals jullie. Vanaf het moment dat 
ik jullie voor de eerste keer zag (waren Matthijs en ik niet sla voor 50 man aan het 
snijden in jullie keuken?) wist ik dat het goed zat. Er zijn nooit stille momenten en ik 
hoop nog veel van deze leuke momenten mee te maken.
8 . Familie part 3: Martijn, Lotte, Machiel, Janneke, Floor en Jelle
Lieve schoonzussen, schoonbroers, nichtje en neefje. Met jullie is het altijd gezellig 
en ik kan altijd bij jullie terecht. Lotte en Janneke, bij dezen wil ik jullie bedanken dat 
ik voor 1 dag jullie man mag lenen: Martijn en Machiel, geweldig dat jullie mijn 
paranimfen zijn.
9. Familie part 4: Papa, Mama en Robert
Robert, lieve broer, we zien elkaar veel te weinig. Ik heb het nog nooit met zoveel 
woorden gezegd: ik ben er trots op dat je mijn broer bent. Je bent de paranimf van
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Matthijs maar op de grote dag beschouw ik je ook een beetje als mijn paranimf. 
Papa en Mama.... ik weet niet zo goed hoe ik jullie moet bedanken. Door naar jullie 
te kijken (of alleen maar aan jullie te denken) weet ik dat jullie ongelooflijk trots op 
mij zijn en dit geeft een geweldig gevoel. Bedankt voor alles!
10. Matthijs
Als laatste is daar Matthijs. Ik weet niet goed hoe ik moet zeggen hoeveel je voor 
mij betekent. Voor mij ben je er gewoon, elke dag weer. Het "er gewoon zijn" is 
samen grapjes maken, samen dansen, samen koken, elkaar steunen en 
opvrolijken, hard lachen, konijnen trucjes leren, naar elkaar luisteren, mij laten zijn 
zoals ik ben. Ik houd van je...................
Irene
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